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Elizabeth Zecca, PhD 
University of Connecticut, 2017 
Abstract 
Hydrophobic interactions between protein molecules are considered to be a significant 
contributor to attractive protein-protein interactions (PPIs) in solution. Attractive PPIs play 
critical roles in self-association and aggregation, thus affecting the overall protein stability. 
Surface hydrophobicity of three model proteins was characterized by hydrophobic interaction 
chromatography and fluorescence spectroscopy. To compensate for known limitations of these 
two widely used methods, a novel approach, based upon Nuclear Magnetic Resonance 
Spectroscopy (NMR), was investigated as a potential alternative. The degree of decrease in the 
transverse relaxation time (T2) of small molecule probe, such as phenol, due to its interaction 
with the protein of interest, was monitored to reflect the surface hydrophobicity.  Utilization of 
this multi-method approach emphasized the differences in surface hydrophobicity of the three 
proteins and to distinguish the effects of two types of hydrophobic amino acids, aromatic and 
aliphatic, on surface hydrophobicity.  
Protein unfolding, interactions and aggregation mediated at the air/water interface were 
monitored. It was found that aggregation was not induced by mechanical stress for the studied 
proteins. Furthermore, the propensities to unfold or interact with the air/water interface were 
only influenced by the changes in pH and not by the degree of surface hydrophobicity. Building 
upon the knowledge gained from the three model proteins, the surface hydrophobicity of three 
unknown monoclonal antibodies (MAbs) was characterized and aggregation was monitored 
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under mechanical stress at different ionic strength conditions. Our findings suggest that even 
when attractive interactions are significant, as in the case for MAb Y, the surface hydrophobicity 
alone is not the major factor affecting protein aggregation.  
Further, antibody aggregation was studied under thermal stress. Upon heating the MAbs, 
unfolding and the increase in their aggregation was observed. Additionally, the aggregation 
propensity of MAb Y was subjected to a combination of mechanical and thermal stresses, and it 
was found that the aggregation increased when more energy was applied to stress the protein. 
These results demonstrate that the hydrophobicity of a protein molecule is highly dependent 
on solution conditions and conformational changes of the protein. Therefore, protein surface 
hydrophobicity alone cannot be directly related to the protein propensity to aggregate and a 
combination of both the average and surface hydrophobicity should be taken into account.   
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1. Introduction 
Protein therapeutic drugs, especially monoclonal antibodies continue to be a growing area of 
research and development in the pharmaceutical industry. Development of MAbs and protein-
based therapeutics aid in the treatment of diseases including immunological disorders, cancers, 
cardiovascular diseases and infections and has seen significant growth over the last thirty years 
with more than 300 molecules currently in development.1-4 MAbs are highly target specific, and 
have a large therapeutic effect however a relatively high dose is required for efficacy.5 Delivery 
of these drugs is often via a low volume subcutaneous injection; this makes the preparation of a 
high concentration protein formulation essential. However, in these highly concentrated solutions 
many problems arise from a formulation standpoint. Both physical and chemical stability of 
monoclonal antibodies can compromise the safety, efficacy and shelf life of the drug.6,7  
Physical degradation comprises of protein self-association, aggregation, opalescence, and 
phase separation and is often influenced by several stages of development such as filtration, 
purification, storage, formulation and delivery.5,8 In addition, solution conditions as well as 
protein-protein interactions also affect the conformational and structural stability of protein 
molecules, which can often lead to physical degradation. Hydrophobic and electrostatic (dipole-
dipole, dipole-induced dipole, induced dipole-induced dipole, specific ion) protein interactions 
make significant contributions to the net short-range attractions.9-13
 
Although, hydrophobic 
interactions are known to be present and contribute to attractive protein-protein interactions, they 
cannot be directly measured.  
Hydrophobic amino acids are present on both the surface of the protein molecule as well as 
in the interior.14,15 Methods that measure surface hydrophobicity are often influenced by solution 
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conditions and therefore do not accurately predict hydrophobic interactions in protein solutions. 
Moreover, slight structural perturbations of the protein structure can change the degree of protein 
hydrophobicity therefore surface hydrophobicity measurements become inaccurate. Although, 
hydrophobicity is often thought to play an integral part in physical stability issues such as self-
association,14,16,17 aggregation 18 and adsorption to interfaces,19 experimental correlations are 
lacking.13,20 Thereby, it is important to understand the relative contribution of hydrophobicity 
compared to other molecular interactions regarding physical stability issues during the early 
formulation and development stages of protein molecules.  
2. Objective  
The present dissertation focuses on investigating the surface hydrophobicity of protein 
molecules and studying the relationship between hydrophobic interactions with protein 
aggregation.   
The Specific Aims of the project were: 
1. Developing a multi-method approach to characterize the surface hydrophobicity of 
protein solutions 
2. To understand the role of surface hydrophobicity in aggregation mediated by protein-
surface interactions.  
3. Investigating the link between protein surface hydrophobicity and aggregation of 
monoclonal antibodies formulations 
3. Chapter Organization and Outline 
Chapter 2 reviews methods to measure protein hydrophobicity and the relevant 
consequences of hydrophobicity in protein solutions. It begins with a brief thermodynamic 
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introduction of the hydrophobic effect and classical hydrophobic interactions. Techniques and 
methods to measure both average and surface hydrophobicity are highlighted, specifically 
discussing the advantages and disadvantages as well as the usefulness to distinguish between 
aromatic and aliphatic nonpolar amino acids. An overview of the interactions involved in pi-pi 
interactions is discussed.  Extrinsic factors such as mechanical and thermal stresses and solution 
conditions affecting protein unfolding are reviewed. Finally, specific cases from literature where 
hydrophobicity is known to be the cause of self-association and aggregation are discussed.   
Chapter 3 discusses the current methods in literature and introduces a novel method to 
measure surface hydrophobicity using Nuclear Magnetic Resonance (NMR). Several different 
small molecular probes were tested to determine the hydrophobicity of BSA, α-
Chymotrypsinogen A and β-Lactoglobulin A. To determine the validity of the hydrophobicity 
measurements of the proteins from NMR, characterizing the surface hydrophobicity using 
hydrophobic interaction chromatography (HIC) and extrinsic fluorescence spectroscopy were 
also conducted. 
The work in chapter 4 focuses on the relationship between surface hydrophobicity and 
surface induced aggregation of protein molecules. An understanding of the effect of mechanical 
stress (shaking) on the adsorption and unfolding at the air/water interface and subsequent 
aggregation of the proteins at pH 7.0 has been investigated. Protein-protein interactions and 
viscoelastic parameters at different solution conditions has been studied for each protein 
molecule.  The work presented in chapter 5 investigates the surface hydrophobicity of three 
monoclonal antibodies and the impact this may have on protein aggregation via mechanical 
stress. HIC, fluorescence and NMR are used to measure the surface hydrophobicity at pH 7.0 and 
the physical stability was assessed. The purpose of this work was to determine if the surface 
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hydrophobicity of the antibodies influences aggregation via mechanical stress, thermal stress or a 
combination of the two. Additionally, studies were done to investigate the effect of aromatic 
excipients on attractive protein-protein interactions.  
Chapter 6 presents a summary of the entire work.  
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Chapter 2 
 
Protein Hydrophobicity: A review of techniques and implications  
from a pharmaceutical perspective 
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1. Introduction 
 Hydrophobic interactions play a critical role in protein folding, often being recognized as the 
major driving force for the tertiary structure of a protein molecule.1,2 The native structure of a 
protein is imperative for most proteins to remain active and have a stable shelf life.3 
Consequently, hydrophobic interactions can also compromise the stability of a protein 
formulation through adsorption to the air/water or solid/water interface, self-association and 
aggregation.  
The primary amino acid sequence of a protein is made up of amino acids that vary in 
polarity. There have been many attempts to characterize the hydrophobicity of these amino acids, 
however a general consensus between hydrophobicity scales is difficult to obtain.4,5 Using the 
hydrophobicity values of individual amino acids, the average hydrophobicity of protein 
molecules has been calculated. Although the average hydrophobicity represents all of the 
nonpolar amino acids in the primary sequence, some of these nonpolar residues will not be 
buried in the core of the protein. These nonpolar amino acids can be among very hydrophilic, 
charged residues such as glutamic acid and lysine. Removal of these charged residues from water 
(unfavorable) would have to occur in order to bury the nearby nonpolar amino acids. Therefore, 
a considerable amount of a protein’s surface is nonpolar and exposed to the aqueous solvent.6,7   
The nonpolar amino acids patches represent the surface hydrophobicity of a protein. Similar 
to most protein-protein interactions, hydrophobic interactions are influenced by solution 
conditions and external factors. Both experimental and theoretical methods have been used to 
determine the surface hydrophobicity of various proteins, however due to these influences as 
well as the conformational stability of the protein, achieving a hydrophobic value for a protein 
continues to be difficult. Moreover, the connection between the surface hydrophobicity 
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measurements to protein aggregation does not always hold true. This is because the measured 
surface hydrophobicity does not account for the exposure of previously buried hydrophobic 
amino acids when the protein undergoes unfolding, which may contribute to these instabilities. 
Thus, relating any hydrophobic value, surface or average to a stability issue is challenging.  
The following review will discuss how both, the average and surface hydrophobicity of 
proteins are measured by various techniques. The advantages and disadvantages will be 
mentioned, however the difference in measuring between aliphatic and aromatic nonpolar amino 
acids will be highlighted. The influence of hydrophobic interactions on protein stability will also 
be discussed and the recent advances in the connection between protein hydrophobicity and its 
impact on aggregation.  
 
2. Thermodynamics of the hydrophobic effect  
Hydrophobicity was first described by studying the surface activity of hydrocarbon 
molecules and further explored by studying the transfer of a hydrocarbon from an aqueous 
solvent to a nonpolar solvent.2,7-10 These principles first established with alcohols and 
hydrocarbons were used to describe the hydrophobic effect.2 The thermodynamic contribution 
for the hydrophobic effect at room temperature comes from an increase in entropy and can be 
described by the Gibbs free energy equation below.   
 
                                       ∆𝐺 = ∆𝐻 − 𝑇∆𝑆                     (1) 
    
 Where ∆𝐺 is the change in Gibbs free energy, ∆𝐻 is the change in enthalpy term and  ∆𝑆 is 
the change in entropy. Water molecules surrounding hydrophobic amino acids become ordered 
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due to the lack of interaction with water. This absent interaction between nonpolar amino acids 
and water, results in negative or small positive values of enthalpy (∆𝐻) and an unfavorable 
change in entropy  (∆𝑆 < 0). In turn, most of the nonpolar amino acids bury within the core of 
the protein leading to an increase in entropy of the solution −𝑇∆𝑆 > 0   and an overall favorable 
free energy (∆𝐺 <   0).1,7,11-13 The initial decrease in entropy is the driving force for the 
hydrophobic effect. The negative entropy is attributed to the ordering of the surrounding water 
molecules. In addition, there is a small positive heat capacity change (∆𝐶!  ) signature to the 
hydrophobic effect.14-16 The heat capacity of a folded protein compared to an unfolded protein is 
shown in figure 1. Although the total heat capacity change is more positive for an unfolded 
protein due to the hydration of nonpolar amino acid residues, the heat capacity is still slightly 
positive for a folded protein. 17 
 
3. Measuring Average hydrophobicity 
3.1. Transfer free energy 
A number of authors have proposed hydrophobicity scales using several organic solvents to 
mimic the protein core. Tanford determined the change in free energy of measuring the solubility 
of amino acids in water and then in ethanol at 25 ˚C. Using the equation below,  
 ∆𝐹! = 𝑅𝑇𝑙𝑛 𝑁!"#$/𝑁!2!  
 
Where 𝑁!2! is the solubility in water and 𝑁!"#$ is the solubility in ethanol.9 The transfer free 
energies of each amino acid were measured and in order to determine the free energy 
contribution of only the side chain, the free energy of the amino acid was subtracted from the 
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free energy of glycine. Other studies have chosen different solvents that better represents the 
protein core, such as using N-Methylacetamide,18 Hexane,19 Dioxane,20 Octanol,21,22 and N-
cyclohexyl-2-pyrrolidone.23 The hydrophobicity of amino acids has also been determined by 
relating physical properties such as surface tension to the polarity of individual amino acids.24,25 
Due to the importance of hydrophobic amino acids involved in protein folding, numerous 
hydrophobicity scales have been developed. However, a consensus of the order of amino acids is 
lacking. A collection of most of the hydrophobicity scales for amino acids are compiled and the 
occurrence of each amino acid is ranked and presented in a review article.4 It can be seen from 
the subtle differences in how the hydrophobicity is measured, the rank order of hydrophobicity 
for amino acids is very different thus making it difficult to generate a universal scale. Using the 
transfer free energies of individual amino acids, the hydrophobicity of a protein can also be 
calculated. Bigelow et al. uses the average hydrophobicity value of the amino acids and divides 
by the number of residues in the given protein resulting in the total calculated hydrophobicity 
value of that protein.26 Other hydrophobicity methods including chromatography and accessible 
surface area (ASA) of the protein have also been compared to one another described by Biswas 
et al. 5 
All hydrophobicity scales contain both aliphatic nonpolar amino acids as well as aromatic 
nonpolar amino acids. This is a true representation as both contribute to hydrophobic 
interactions, but the changes in free energy associated with aromatic moieties is much larger than 
the transfer free energy with aliphatic amino acids. Aliphatic amino acids are said to interact 
solely due to their inability to form hydrogen bonds with water molecules (entropic effect), 
however for aromatic amino acids this is not the case. Aromatic amino acids have other 
contributing interactions such as Van der Waals and electrostatic interactions that accompany 
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hydrophobic interactions (aversion for water) and thus contribute to the overall thermodynamics 
of the interaction.27-29  
3.2. Aromatic Amino Acids 
Aromatic amino acids in protein molecules consist of tyrosine, tryptophan and phenylalanine. 
These aromatic amino acids contain portions of nonpolar moieties in their structure, such as the 
benzene ring in both phenylalanine and tyrosine and these structures contribute to classical 
hydrophobic interactions between both aromatic and aliphatic amino acids.28 Moreover, the 
interaction between two aromatic amino acids is stronger than aliphatic-aliphatic side chains 
because it involves additional interactions between the molecules.14,30 Since classical 
hydrophobic interactions do not govern π-π interactions solely in solution, thermodynamically 
the entropy driven hydrophobic effect (small enthalpy) is not the sole responsible driving force 
for these interactions.31 
The interactions that contribute to π-π interactions are Van der Waals, hydrophobic and 
electrostatic interactions.32,33 Although hydrophobic interactions are not a dominant role in 
aromatic interactions, 34-36 they are suggested to still be involved. 28 The contribution from 
electrostatic interactions is most significant because electrostatic interactions govern the most 
favorable geometries between the two aromatic side chains. 27,28,30,37 
Theoretical models and energy simulations have comprehensively studied the most favorable 
geometries between aromatic molecules. While the term “π– Stacking” is often used, two 
aromatic moieties are electrostatically repulsed when stacked on top of one another. The two 
most favorable geometries illustrated by figure 2 is the edge-face “T-shaped” and off-stacked 
geometries. 37-39 For proteins specifically, it was seen that phenylalanine interacts most favorable 
with itself, while trp and tyr prefer to pair dissimilar to itself. 40 Since there is a disparity between 
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different energies and geometries of aromatic and aliphatic interactions, an increased 
understanding of the different types of hydrophobic interactions would be beneficial in further 
understanding of a protein folded structure as well as the formation of associated species.  
 
4. Surface Hydrophobicity 
The average protein hydrophobicity does not distinguish between those amino acids that are 
buried in the protein core, compared to the ones that are solvent exposed. Therefore, 
experimental techniques have been used to qualitatively and quantitatively measure the relative 
surface hydrophobicity of proteins. In the following section, advantages and disadvantages will 
be presented for methods that measure surface hydrophobicity as well the implications of surface 
hydrophobicity contributing to protein instabilities in solutions will also be discussed.  
4.1. Methods to measure surface hydrophobicity 
4.1.1. Fluorescence spectroscopy 
Fluorescence spectroscopy is a useful technique to determine structural changes of protein 
molecules in solution. Intrinsic fluorescence is due to the fluorophores in a protein, 
phenylalanine, tyrosine and tryptophan. These residues of a protein are sensitive to 
environmental changes within the protein.41 Extrinsic fluorescence uses an extrinsic dye, which 
interacts non-covalently with a protein molecule.  Extrinsic dyes come in a myriad of different 
structures, charged or uncharged in solution and have solubility issues in different solvent 
systems. The advantage of these dyes is that they are scarcely fluorescence in an aqueous 
environment, but exhibit an increase and shift in wavelength in a nonpolar environment.  
The most common extrinsic dyes are cis-parinarate (CPA),42Nile Red 43, 1-(anilino)-
naphthalene-8-sulfonate (ANS-), 4,4’-bis[1-(phenylamino)-8-naphthalenesulfonate] (bis-ANS), 
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6-propionyl-2 - (N, N-dimethylamino) naphthalene (Prodan),44 6-(ptoluidinyl) naphthalene-2-
sulfonate (TNS-), 45and Bromophenol blue.46 These dyes are different in size, charge and 
structure. CPA only contains long hydrocarbon chains, whereas ANS contains a naphthalene ring 
and Bis-ANS is much larger (twice the size of ANS). The extrinsic dyes that are charged in 
solution have an advantage of an increased solubility, whereas those that are not charged (i.e. 
Nile Red) have to be dissolved in an organic solvent due to the limited solubility in water. 
However the major disadvantage of using charged probes is that the type of interaction between 
the protein and dye is not solely through hydrophobic interactions because there are electrostatic 
interactions that also contribute. These electrostatic contributions can over/under estimate the 
hydrophobicity value and give incorrect results. Haskard and Chan performed experiments with 
ANS and Prodan as a function of ionic strength to illustrate that as the charges are screened for 
both the protein and the dye, the surface hydrophobicity value varies as seen in figure 3.47 Pasdar 
and Chan also studied this overestimation of hydrophobic interactions by comparing ANS- and 
CPA-, which are both anionic, and Prodan, which has no charge, while also changing the pH of 
the protein solution.48 Their results indicated that were differences between the charged and 
uncharged probes, as well as differences seen between structurally different dyes CPA and 
ANS.41,49 The difference between interactions for an aliphatic dye, CPA and aromatic dye, ANS 
illustrates that structurally different dyes will interact with the protein by both π-π as well as 
hydrophobic interactions. A recent study compared traditional dyes, ANS and PRODAN to five 
new 4-bora-3a,4a-diaza-s-indacene (BOPIDY) hydrophobic sensors (HP) to determine the 
surface hydrophobicity of proteins.50 They concluded that the HPsensor 2 was the most effective 
dye out of five for measuring surface hydrophobicity and can be incorporated with other methods 
to characterize protein hydrophobicity. Using fluorescence spectroscopy enables the detection of 
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surface hydrophobicity on specific patches of a protein, however the interaction will be affected 
by the size, charge and structure of both the nonpolar patch as well as the extrinsic dye. 
4.1.2. Chromatography  
 Traditionally used for purification, hydrophobic interaction chromatography (HIC) is a 
useful tool for separating proteins by their hydrophobicity in a less harsh environment (as in 
RPC).51 The proteins are injected into a nonpolar column that is equilibrated with a high 
concentration of salt buffer.52 The type of salt used is based off of the hofmeister series, certain 
salts promoting hydrophobic interaction to the column more than others.53 As the salt 
concentration in the mobile phase decreases, the proteins will elute off the column, and the order 
will indicate the relative surface hydrophobicity. Comparing the relative hydrophobicity of many 
proteins has been successfully achieved by this method.42  
Choosing appropriate parameters such as a suitable salt (mobile phase), flow rate, injection 
volume, pH, concentration of salt, and column will all impact the retention times of the 
proteins.53-57 Using different stationary columns can evaluate the type of hydrophobic 
interactions between the protein and the column. Aliphatic substituents like butyl and ethyl have 
been used for HIC experiments, as well as the aromatic phenyl moiety. The degree of binding 
has been said to be stronger for phenyl than the alkyl ligand support column.52 Goheen et al. 
made this inference by using HIC to determine the hydrophobicity of BSA on both a butyl and 
phenyl column. A difference in the number of peaks, one peak eluted off the butyl column while 
two peaks eluted off the phenyl column, illustrated a difference in binding between BSA and the 
structurally different supports. They attributed this to the difference in selectivity between 
aromatic and aliphatic columns. 58 However, other conclusions can be drawn from these 
observations such as structural changes of BSA induced by ammonium sulfate, or the difference 
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in the density of the support. Although these hypotheses do occur in systems, there needs to be 
more research performed in order to further clarify. Further studies to elucidate the difference in 
amino acid retention on an HIC column was performed by monitoring the retention times of 
various aliphatic and aromatic amino acids on an HIC support column. From the results it was 
shown that aromatic amino acids were retained significantly longer than aliphatic amino acid 
residues.59  
The surface hydrophobicity distribution of a protein will also affect the way the protein 
interacts with the column. This is evident in the difference in retention times for two 
ribonucleases, despite having similar hydrophobicity.60 This can give a false prediction of the 
surface hydrophobicity of the whole molecule. Lienqueo et al. uses the three-dimensional 
structure of the protein, along with amino acid hydrophobicity scales to determine the surface 
hydrophobicity of the proteins and predict the retention times on the column.61 
4.1.3. Aqueous Two-Phase Systems  
Aqueous two-phase systems consist of a PEG/salt or PEG/dextran system and the partition 
coefficient (log K), is related to the free energy. The partition coefficient is measured for each 
protein and gives a rank order of hydrophobicity for protein molecules.62 This method to 
measure protein surface hydrophobicity has been used to correlate with techniques such as 
hydrophobic interaction chromatography, reverse phase-HPLC and precipitation by ammonium 
sulfate (inverse solubility). The authors found no correlation between the measured partition 
coefficient and both of the chromatographic methods (HIC and RPC). However, the partition 
coefficient that was observed, correlated well with the measured hydrophobicity by precipitation 
(ammonium sulfate).63-65 However, this suggests that both of these methods (ATPS and 
precipitation) depend on a proteins solubility, rather than hydrophobicity.  Although the 
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hydrophobicity of a protein will have an affect on a proteins solubility measurement; other 
factors will contribute to protein solubility.  It has also been suggested that measuring the surface 
hydrophobicity by ATPS, may not be accurate because the measured partition coefficient (log K) 
could be a result of changes in the protein conformation or association between protein 
molecules.66  
4.1.4. Surface Tension 
Surface tension has been used to determine the hydrophobic characteristics of individual 
amino acids as well as globular proteins.24 The interfacial tension of proteins (protein 
solution/corn oil) was compared to both HIC and ∆logK hydrophobic methods. The results 
indicate a negative correlation with both techniques, the more hydrophobic a protein was, the 
more the interfacial tension decreased. A positive correlation between the interfacial tension and 
the hydrophobicity measured by fluorescence spectroscopy, So using CPA as the dye was also 
observed.42 Recently, Amrhein et al. developed a non-invasive technique to measure surface 
tension and relate the surface tension measurements of different proteins to their surface 
hydrophobicity measured by an established spectrophotometric method. 67 Thus, relating surface 
tension to protein hydrophobicity can give an indication of the surface hydrophobicity of a 
protein.  
To get a true representation of the surface hydrophobicity measured by the methods above, 
the protein must remain in its tertiary structure. However, the proteins conformational stability is 
influenced by a number of factors and solution conditions. If the protein begins to partially 
unfold at specific pH values or after being exposed to a mechanical stress, the measured surface 
hydrophobicity by these techniques will change. Therefore, understanding the specific factors 
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that affect unfolding is important to determine the extent to which surface hydrophobicity 
measurements hold true.   
 
5. Protein Unfolding 
Proteins undergo conformational changes and denaturation due to a number of 
different factors. For most proteins, maintaining a native structure is essential for the protein to 
remain active and stable.3 A main stability issue that can occur due to protein unfolding is 
irreversible protein aggregation and eventual precipitation out of solution, which can be 
detrimental to the stability of the protein formulation. 68,69   
When a protein unfolds, the hydrophobic amino acids are exposed to the solvent, increasing the 
free energy of the system. This increase in free energy is a result of an increase in enthalpy and a 
decrease in entropy (small but remains positive). The entropy decreases but remains positive 
because although more nonpolar amino acids are exposed and structure water molecules, there is 
an increase in configurationally entropy due to the unfolded protein. As a protein unfolds there is 
also a large increase in heat capacity, which is attributed to the solvation of nonpolar amino 
acids.1  
External factors such as temperature, pH, ionic strength and mechanical stress are some 
factors that can accelerate or facilitate protein denaturation.  Protein unfolding can also be 
influenced by different interfaces, solid/liquid, liquid/liquid and liquid/air. For protein 
pharmaceuticals, solid/liquid (interaction between the glass vial and the solution) and air/water 
interfaces are of importance because it can lead to protein aggregation in the bulk solution. 
Hydrophobic amino acids have been known to contribute to adsorption of proteins onto 
hydrophobic surfaces and at the air/water interface, leading to unfolding and potential 
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aggregates.70,71 Understanding the specific factors that promote unfolding is important to 
determine how the formulation will behave during purification, filtration, manufacturing, and 
transportation of the product. The factors that promote unfolding and the subsequent 
consequences are essential to understanding the role of protein hydrophobicity in aggregation. 
5.1. External Factors Affecting Unfolding of Proteins 
5.1.1. pH 
Maintaining the pH of the solution is important to assure a stable protein formulation. While 
some proteins are stable at pH values close to their isoelectric point (pI), others aggregate due to 
protein –protein interactions or surface hydrophobicity that is higher at the protein pI. Protein 
unfolding can become an issue as the pH of the solution is formulated far from the proteins 
isoelectric point. As the pH is increased or decreased away from the pI, the protein becomes very 
charged, leading to charge repulsions and can result in partial unfolding of the protein 
structure.1,68 Extreme pH values towards acidic or basic conditions can also alter the protein 
conformations leading to a more flexible conformation, causing aggregation.72 Examples of 
structural changes as a function of pH are HSA,73 Lysozyme, 74 and BSA.75  
5.1.2. Excipients 
The effect of salt also can influence the conformational stability of a protein depending on 
the type of salt and concentration used. The hoftmeister series ranks salts based on their 
komostropic or chaotropic nature, similar to their effect on the solubility of proteins. 
Kosmotropic salts such as CO32- and SO42- promote precipitation of proteins and prevent protein 
unfolding, whereas chaotropic salts like ClO4- and SCN- promote denaturation and increase 
solubility.76-78 Some salts, which are used in formulations such as NaCl, are in the middle of the 
series and have a neutral effect.79   
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Preferential interaction of co-solutes is a major stabilization effect of excipients. Preferential 
interactions imply the proteins will interact with either the water or the co-solute. When an 
excipient stabilizes a protein, the proteins prefers to interact with water therefore excluding the 
presence of the excipient from the protein surface (preferential exclusion) which subsequently 
stabilizes the protein structure.80 Sucrose is a widely known and used stabilizer.81 Types of 
stabilizers vary from different sugars, polyols, amino acids, polymers, PEGS and 
surfactants.79,82,83 Other excipients may promote unfolding by preferential binding, especially at 
high concentrations including denaturants (guanidinium chloride, urea) and preservatives 
(phenol, benzyl alcohol).76,79,84 
5.1.3. Temperature 
Protein stability is often measured by thermal unfolding usually by differential scanning 
calorimetry (DSC). The higher the melting temperature (Tm), the more stable the protein. Using 
the onset of unfolding and the melting temperature, protein stability has been inferred from this 
information. High and low temperatures can denature a protein, which will result in aggregation 
and precipitation. 85-88   
5.1.4. Mechanical stress 
Mechanical stress (shaking, stirring and shear) can facilitate protein unfolding by generating 
new air/water interfaces. Kiese et al. performed a comprehensive study comparing the two 
stresses, shaking and stirring, imposed on an IgG monoclonal antibody89. Fill volume, 
concentration of surfactant and protein concentrations were varied to determine the conditions 
vulnerable for aggregates. Total Aggregation, monitored by SEC, turbidity and DLS was 
different for the two stresses. Other studies have looked into shaking speed and type of container 
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to determine the impact of shaking on the proteins.90 Shear stress can also influence unfolding 
and aggregation especially in the presence of the air/water interface. 91  
An example of predicating antibody stability by observing surface properties such as surface 
pressure, surface excess and hydrophobicity to determine the aggregation propensity of 
monoclonal antibodies by shaking stress.92 Subjecting protein formulations to mechanical stress 
is a predictive tool to determine how the protein will behave under difference stresses throughout 
the product development process such as stirring, pumping, purification, filtration and delivery. 
 
6. Consequences of hydrophobicity 
Generally, hydrophobicity is known to be a dominant force in the formation of associated 
species or aggregates in protein solutions. However, determining the relationship between either 
the average and/or surface hydrophobicity measurement of a protein and these stability issues is 
still unresolved.  
Self-association of protein molecules is the reversible formation of native monomer units. 
Formation of dimers, trimers and higher molecular weight species can impact solution viscosity 
and injectability to the patient. 93Attractive interactions between two protein molecules can 
promote self-association through both hydrophobic and electrostatic interactions.94-96 In order to 
mitigate this issue, excipients are added to the formulation, and from the results one can 
determine the source of the attractive interactions.  One study shows that there was a significant 
decrease in association of protein molecules after adding hydrophobic amino acids, with a 
substantial decrease seen after adding phenylalanine and tryptophan.97 Gokarn et al monitored 
self-association by observing the sedimentation coefficient using AUC. It was observed that as 
hydrophobic aromatic amino acids were added to the antibody solution, self-association 
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decreased.98 This emphasizes that hydrophobic excipients replaced unwanted hydrophobic 
interactions between protein molecules, thus decreasing the stability issue. The interior, interface 
(between two dimers) and exterior amino acid composition was investigated for 32 proteins and 
it was observed that hydrophobic amino acids had a greater probability to be at the interface 
between two protein-associated molecules.99 Aromatic amino acids were also observed to be 
present at the interface at an elevated rate.99,100  
In concentrated protein solutions, while both attractions and repulsions are present, 
attractions between protein molecules become significant. In one study, concentrated proteins 
showed an increase in viscosity. As mentioned earlier, associations of protein molecules affect 
viscosity, which is heightened at higher concentrations. Salts such as NaCl and KI can decrease 
the viscosity effectively. However, Du et al shows that cations or anions attached to hydrophobic 
moieties termed “hydrophobic salts” noticeably decreased the viscosity to a greater extent than 
the inorganic salts.101 The work highlighted here shows the importance of surface hydrophobicity 
of protein molecules by decreasing the stability issue (self-association and viscosity) after it has 
occurred. Determining the hydrophobicity of a protein prior to self-association or an increase in 
viscosity and then establishing a link to these instabilities would be beneficial. 
Hydrophobicity also impacts the formation of irreversible aggregates between partially or 
fully unfolded protein molecules. As the protein denatures, hydrophobic interactions will 
contribute to the attractive interactions in solution and the eventual formation of aggregates. This 
was seen in the case of Lysozyme.102 Aggregation has also been predicted for monoclonal 
antibodies using a spatial aggregation propensity (SAP) modeling system.103-105Areas of 
hydrophobic patches were mutated to make more hydrophilic antibodies and accelerated stability 
studies were performed by thermal stress. Enhanced stability was observed in the DSC scans and 
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turbidity assay in both the mutant antibodies A and B compared to the wild type. This method 
predicts the hydrophobic sites on monoclonal antibodies that may contribute to stability issues, 
however stability studies are tested at high temperature conditions. Therefore, if temperature 
were used to unfold the protein, neither the surface hydrophobicity nor the average 
hydrophobicity would be a good predictor of stability.  
 
7. Future 
It is evident that hydrophobic interactions play a significant role in protein structure and 
stability. A number of methods have been established to determine the hydrophobicity of a 
protein, however the degree of hydrophobicity does not always correlate to stability issues in 
protein molecules. The established methods that measure hydrophobicity are divided into two 
differing categories. Measuring the average hydrophobicity of the amino acid sequence of a 
protein accounts for all nonpolar amino acids, however all of these residues will not participate 
in hydrophobic protein interactions. Surface hydrophobicity methods measure the 
hydrophobicity of a native protein structure, but this requires the protein to remain in its folded 
state. Aggregation particularly occurs when a proteins structure has been compromised by 
different solution conditions or external factors.69 Therefore, the hydrophobicity that needs to be 
measured is one that accounts for the structural perturbations of a protein as it behaves in 
solution. This also requires that the observed hydrophobicity measurement be taken under 
solution conditions where other interactions are present, thus mimicking protein conditions in 
therapeutic formulations. The differences in aromatic and aliphatic hydrophobic amino acids 
contributing to stability issues will be important to determine the excipients that can be used to 
minimize stability issues, as well as the types of amino acids that have an increased probability 
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of participating in association or aggregation. Determining the degree of hydrophobicity of a 
protein molecule is an ongoing area of research and is important in order to effectively 
understand physical instabilities of protein molecules.  
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9. Figures 
 
 
 
 
 
 
 
 
 
Figure 1: Specific heat capacity effects of hydration of the unfolded polypeptide chains (left) 
and native proteins (right). The continuous line; total hydration effect, long broken line; the 
hydration effect of nonpolar groups, broken line; the hydration effect of polar groups, short 
broken line; the extrapolation. A: unfolded/native apo myoglobin; B: unfolded/native apo 
cytochrome c; C: unfolded/native lysozyme; D: unfolded/native ribonuclease A taken from 
Privalov and Makhataze.17   
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Figure 1. Specific heat capacity effects of hydration of 
the unfolded polypeptide chains. Continuous line, the 
total hydration effect; long broken line, the hydration 
effect of non-polar groups; broken line, the hydration 
effect of polar groups; short broken line, the extrapola- 
tion. The bars show the experimental error in heat 
capacity determination. A, unfolded apo myoglobin; B, 
unfolded apo cytochrome c; C, unfolded lysozyme with 
reduced and carboxymethylated cysteine residues; D, 
unfolded ribonuclease A with reduced and carboxy- 
methylated cysteine residues. 
with temperature proceeds monotonously and 
rather slowly. It appears that the hydration effect of 
the non-polar groups disappears much above 125”C, 
up to which temperature they were experimentally 
determined, perhaps, somewhere above 450°C as 
judged by extrapolations of experimentally deter- 
mined functions. However, since the hydration 
effects of polar and non-polar groups have different 
signs, and they depend on temperature in different 
ways, their sum, which corresponds to the total 
hydration heat capacity effect, is represented by a 
curved function with a maximum at about 50°C. 
This shape of the hydration heat capacity effect 
seems to be the main cause of the calorimetrically 
observed curved shape of the partial heat capacity 
function of denatured proteins (Privalov et al., 
1989). 
(c) Hydration effect of the native protein 
Using the surface areas of polar and non-polar 
groups exposed in the native structure (Table 1 of 
Privalov & Makhatadze, 1990), we calculated the 
hydration heat capacity effects for the native pro- 
teins (Table 2, Fig. 2). As might be expected, these 
effects are smaller than those for the unfolded poly- 
peptide chains, because of the smaller exposed 
surfaces, especially of the non-polar groups, which 
are mostly buried in the protein interior in the 
native protein. 
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Figure 2. Specific heat capacity effects of hydration of 
the native proteins. The meaning of the lines is the same 
as in Fig. 1. A, native myoglobin; B, native cytochrome c; 
C, native lysozyme; D, native ribonuclease A. 
(d) Hydration effect of protein unfolding 
Most important for understanding the thermo- 
dynamics of protein unfolding/refolding is the 
difference hydration effect of the native and 
unfolded states: 
KY(U)-SC?(N) = A;GC~d. (8) 
All the specific diff rence fun tions have a maxi- 
mum at about 50°C (Table 2, Fig. 3). At higher 
temperatures they decrease and, as can be 
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Figure 3. The differences of the specific heat capacity 
effects of proteins in the unfolded and folded states, which 
correspond to the hydration effects of unfolding. The 
meaning of the lines is the same as in Fig. 1. A, myo- 
globin; B. cytochrome c; C, lysozyme; D, ribonuclease A. 
In the case of myoglobin and cytochrome c. the heme 
contribution is taken into account. 
	  	   34	  
 
 
 
 
 
 
 
Figure 2: Geometries of aromatic interactions taken from Waters et al. where (a) edge-face; (b) 
offset stacked. 105 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
that aromati groups int ract in a distinct manner from
aliphatic side chains and can provide specificity in
protein folding due to the aromatic nature of the side
chains. Self-association of aromatic residues has been
proposed to arise from favorable quadrupole–quadru-
pole interactions that give rise to the observed orien-
tational preferences for the interaction of two aro-
matic rings (Figure 1).13–16 Through statistical analy-
sis of protein structures, the interaction of numerous
weakly polar groups with aromatic residues have been
also shown to be prevalent.7 However, they do not
directly probe the nature of these interactions or their
role in protein folding. A wide range of methods has
been used to investigate the nature and significance of
aromatic interactions, which has been recently re-
viewed by Diederich.14 This review focuses on stud-
ies performed in model peptide systems in which a
number of types of aromatic interactions have been
investigated, including !!! interactions, cation!!,
sulfur–aromatic, and carbohydrate!! interactions.
Because O—H!! interactions have been reviewed
recently, this type of interaction was not included
here.17–19
INVESTIGATION OF AROMATIC
INTERACTIONS IN PEPTIDE MODEL
SYSTEMS
A number of groups have investigated side-chain–
side-chain interactions in the context of an "-he-
lix.19–27 These studies provide both information about
factors that contribute to protein secondary structure
and a context for studying noncovalent interactions in
aqueous solution. Residues in the i, i ! 3 and i, i ! 4
are on the same side of the "-helix and in close
proximity, allowing for attractive side-chain–side-
chain interactions to occur and stabilize the helix.
Studies of monomeric "-helices are typically per-
formed by CD. The advantage of CD is the ease of the
experiment, but the limitation is that it gives only
global information on helix stability. Another limita-
tion to this model system is that helix folding is not
two state, such that the stability of the helix must fit
with a folding algorithm such as Zimm–Bragg helix–
coil transition theory28 or AGADIR.21,29–32
More recently, noncovalent interactions have been
investigated in the context of a #-hairpin peptide.33–35
The primary disadvantage of #-hairpins as model
systems is that the CD signal is much weaker than for
an "-helix and may not be informative, particularly if
the aromatic residues are varied, since they often
contribute to the spectrum.36 Thus, NMR is typically
the primary method for characterization of a #-hair-
pin. Although this requires more effort than CD, it
also provides more information, such that folding can
be investigated at each position in the peptide. "-Pro-
tons,37 side-chain protons,38 amide proton chemical
shifts,34,39,40 and Gly chemical shifts within a turn
sequence33,39 have been used as indicators of a
#-hairpin conformation. For example, downfield
shifting of the "-protons by $0.1 ppm is taken as
evidence for a well-folded #-hairpin.37,41 An advan-
tage of #-hairpins is that a two-state folding approx-
imation is valid in most cases. Thus, with reference
chemical shifts for the unfolded and fully folded
states, "Gfold can be determined.
!–! Interactions
The interaction between two aromatic rings has been
proposed to consist of a dispersion component and a
hydrophobic component (in water) as well as an elec-
trostatic component arising from a quadrupole–qua-
drupole interaction.13–15 This electrostatic component
is believed to be responsible for the observed orien-
tational preferences for aromatic–aromatic interac-
tions, including the edge–face and offset stacked ge-
ometries commonly observed in proteins (Figure 1).
The interaction between two aromatic rings has
been investigated in the context of both an "-helix and
a #-hairpin. The interaction of Phe in the i position of
an "-helix with a number of natural and unnatural
aromatic groups in the i ! 4 position has been inves-
tigated (Figure 2), including Phe, homophenylalanine
(hPhe), biphenylalanine (bPhe), and pentafluorophe-
nylalanine (f5Phe).42 These residues were selected to
investigate the influence of conformation and elec-
tronic effects on the magnitude of the interaction.
These interactions were found to be stabilizing by
#0.1 to #0.8 kcal/mol, with the Phe–Phe interaction
providing the greatest stability. The magnitude of the
Phe–Phe interaction is similar to that of a hydrophobic
Leu–Tyr23 or Phe–Met22,43 interaction as well as the
cation–! interaction between Trp or Phe and a pro-
tonated histidine (His!) in an "-helix.20,21 The Phe–
FIGURE 1 Aromatic–Aromatic interaction geometries:
(a) edge–face and (b) offset stacked.
436 Waters
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Figure 3: Protein surface hydrophobicity (So) variation with ionic strength (0.01 - 1.0 M) taken 
from Haskard and Chan.47 (a) BSA hydrophobicity measured with ANS; (b) BSA 
hydrophobicity measure with PRODAN (c) OVA hydrophobicity measured with ANS; (d) OVA 
hydrophobicity measured with PRODAN 
 
 
 
Figure 4. An increase in ionic strength resulted in a
decrease in S0 of BSA measured by ANS- and an
increase in its S0 measured by PRODAN. For OVA, an
increase in S0 was observed with increasing ionic
strength when measured by ANS-, but no difference in
S0 was observed when measured by PRODAN. The
values of S0 for BSA and OVA at the lowest and highest
ionic strengths studied in this work are listed along with
related literature data in Table 2.
DISCUSSION
Hydrophobic interactions between ANS- or PRODAN
and a protein are expected to be similar. Both ANS-
and PRODAN contain a naphthyl moiety, and competi-
tion experiments with tubulin indicate that they prob-
ably bind to a common region (Mazumdar et al., 1992).
Comparison of the binding constants (Table 1) indi-
cates a 6-fold greater value for the BSA‚ANS- complex
compared to the BSA‚PRODAN complex, suggesting
that BSA may possess a positively charged residue
adjacent to the hydrophobic binding site, which results
in enhanced binding of the ANS- anion by comparison
with uncharged PRODAN. These results are in agree-
ment with reports that binding of hydrophobic anions
to BSA requires a hydrophobic environment and cationic
charges on the protein (Weber and Laurence, 1954).
BSA binds anions more tightly than cations or neutral
molecules with similar hydrophobic groups, even when
the overall charge on the protein is negative (Jonas and
Weber, 1971), as it is at pH 7. An anion was also found
to bind a higher number of discrete sites on BSA than
did a related cation (Greene, 1984).
A strong ANS- binding site of BSA is located near
the negatively charged N-terminal end of the protein,
subdomain 1-C, which has a high relative content of
basic residues (mainly arginine) and hydrophobic amino
acid residues, including one tryptophan (Jonas and
Weber, 1971; Brown and Shockley, 1982; Era et al.,
1985). Although there is no direct evidence that posi-
tively charged arginine residues contribute to the bind-
ing of hydrophobic anions by BSA, they are strongly
implicated by their high relative concentration in the
region and by the effect that their chemical modification
has on the binding of anions such as ANS- (Jonas and
Weber, 1971). Era et al. (1985) speculated that a
hydrophobic cluster with two arginines and one
glutamate on the C-terminal side of Trp-134 in subdo-
main 1-Cmay be a hydrophobic anion binding site. This
supports the possibility of a positively charged residue
being involved in the binding of ANS- to BSA. The
additional aromatic ring of ANS-, by comparison with
PRODAN, may also enhance its hydrophobic interac-
tions with the protein and overcome any additional
steric hindrance.
Conversely, OVAmay possess a slight negative charge
adjacent to the hydrophobic binding site, resulting in
inhibited binding of the ANS- anion by comparison with
neutral PRODAN. The binding constant of OVA‚ANS-
was approximately half that of the OVA‚PRODAN
Figure 2. Variation in relative fluorescence intensity of
PRODAN (9.21 × 10-7 M) at 466 nm with concentration of
OVA in the range 7.06 × 10-6 to 1.43 × 10-4 M in aqueous
phosphate buffer at pH 7.0, I ) 0.01 M, and 30 °C. Excitation
wavelength was 365 nm, and slit widths were 5 nm. The solid
curve represents the best fit of the data, collected over the
range 400-515 nm, to the model for formation of
OVA‚PRODAN.
Figure 3. Variation in the bound probes emission peak center
and width with excitation wavelength, for solutions containing
ANS- and BSA (b), ANS- and OVA (O), PRODAN and BSA
(+), and PRODAN and OVA (×), in aqueous phosphate buffer
at pH 7.0, I ) 0.01 M and 30 °C.
Figure 4. Protein surface hydrophobicity (S0) variation with
ionic strength in the range 0.01-1.0 M in aqueous phosphate
buffer at pH 7.0 and 30 °C: (a) BSA hydrophobicity measured
with ANS-; (b) BSA hydrophobicity measured with PRODAN;
(c) OVA hydrophobicity measured with ANS-; (d) OVA hydro-
phobicity measured with PRODAN.
Table 2. Hydrophobicity (S0) Values for BSA and OVA
Determined by ANS- and PRODAN (This Work, Shown
in Bold Type) and Other Fluorescent Probe Methods
S0 (%-1)
probe BSA OVA
ANS- 2263,a 1630,b 941,c 1600,d 124e,f 8,a 33,b 0.5,c 10,d 177e
CPA- 2750d 40d
DPH 92g 14g
PRODAN 240,a 325,b 152c 18,a 21,b 1c
a This work (pH 7, I ) 0.01 M, 30 °C). b This work (pH 7.0, I )
1.0 M, 30 °C). c This work (from binding constants determined in
phosphate buffer at pH 7, I ) 0.01 M, 30 °C). d Li-Chan (1991).
e Cardamone and Puri (1992) (from binding constants). f Average
binding constant for 10 binding sites. g Tsutsui et al. (1986).
2674 J. Agric. Food Chem., Vol. 46, No. 7, 1998 Haskard and Li-Chan
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1. Abstract 
Nuclear Magnetic Resonance spectroscopy was used to evaluate the surface hydrophobicity of 
three proteins, Bovine Serum Albumin, α-chymotrypsinogen A and β-lactoglobulin A. The 
surface hydrophobicity was investigated by studying the binding of small molecular probes, 
which were selected based on their aliphatic or aromatic moieties, to the protein of interest. The 
binding of the probe was quantified through its transverse relaxation time, T2, where a significant 
decrease in the transverse relaxation time indicated a more pronounced hydrophobic interaction 
between probe and protein. For all proteins, phenol, an aromatic alcohol, acted as the most 
promising probe and showed that BSA is the most hydrophobic of proteins studied. The 
comparison between A-ChytA and B-LgA was inconclusive due the uncovered instability of A-
ChytA in solution. Both HIC and fluorescence spectroscopy were in agreement with the NMR 
results. For HIC experiments, two columns were used to further assess the difference in aromatic 
and aliphatic interactions. From these results we concluded that the binding to an aromatic 
phenyl column was more pronounced for all proteins.  
 
Key Words: Hydrophobicity; NMR Spectroscopy; Proteins; BSA. 
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2. Introduction 1 
Hydrophobic interactions define key protein properties, including stability, structure, and 
functionality.1,2 Therefore, characterizing the hydrophobicity of a protein would be essential for 
understanding its behavior. There are two common ways to characterize hydrophobicity in a 
protein molecule. The net hydrophobicity accounts for all nonpolar side chains present, whereas 
the surface hydrophobicity deals only with solvent exposed nonpolar side chains.3,4 The surface 
hydrophobicity is responsible for the overall stabilization of the protein’s native structure and is a 
major contributor to physical instabilities, such as protein self-association, aggregation and 
adsorption to interfaces.5-7 
Different experimental techniques have been used for measuring surface hydrophobicity. 
Hydrophobic Interaction Chromatography (HIC) is a purification method which provides high 
resolution and relatively mild solution conditions when compared to other chromatographic 
methods including Reverse Phase Chromatography.8-10 Therefore, HIC has been successfully 
used to compare the surface hydrophobicity of different proteins.  In HIC, proteins bind to a 
stationary phase (column) composed of a nonpolar hydrocarbon chain or phenyl residue. The 
mobile phase consists of a high concentration salt, such as ammonium sulfate, in order to 
promote binding between the protein and the weakly nonpolar stationary phase. As the salt 
concentration decreases, the proteins will elute off the stationary phase in order of their 
hydrophobicity, where the least hydrophobic protein will elute first. While HIC illustrates that 
one protein is more hydrophobic than another protein based on different retention times, there 
are limitations that have to be considered.                                                                                                                            1  Abbreviations:  A-ChytA, α-chymotrypsinogen; ANS, 8-Anilinonaphthalene-1-sulfonic acid; 
Bis-ANS, 4,4'-Bis(1-anilinonaphthalene 8-sulfonate); B-LgA, β-lactoglobulin A; BSA, bovine 
serum albumin;  CPMG, Carr-Purcell-Meiboom-Gill; HIC, hydrophobic interaction 
chromatography; NMR, nuclear magnetic resonance spectroscopy; Prodan, N,N-Dimethyl-6-
propionyl-2-naphthylamine.  
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First, various experimental conditions, such as the type of column, temperature, salt, and 
ionic strength of the mobile phase, can considerably increase or decrease retention times of 
proteins, contributing to the difficulty in interpretation and problems with reproducibility of 
results.11-16 As a result, comparing protein hydrophobicity necessitates matching experimental 
conditions. In addition, these proteins are subjected to a very high ionic strength salt buffer, 
which may screen any potential electrostatic interactions and heighten hydrophobic interactions. 
As both electrostatic and hydrophobic interactions impact the protein stability, the outcome of 
the comparison could be misleading if these charges are masked, hydrophobic interactions may 
become dominant even if in other circumstances they are not. Furthermore, the size of the 
protein and the hydrophobic heterogeneity will impact the interactions between the column and 
the protein.14,17,18 This leads to an untrue representation of the hydrophobic characteristics of the 
molecule as a whole. These caveats are important to keep in mind considering that solution 
conditions where these proteins will be formulated and stored are not equivalent to HIC 
conditions.  
The use of extrinsic fluorescence probes, such as ANS, Bis ANS, and Prodan, is another 
method to assess the hydrophobicity of proteins. These probes have a low quantum yield in an 
aqueous environment, but once the probe enters a hydrophobic environment the quantum yield 
increases and there is a shift in the wavelength of maximum fluorescence.19 Although this 
technique is fast, simple, and nondestructive, it is not a truly reliable measure of surface 
hydrophobicity. This is because extrinsic dyes can contain aromatic and/or aliphatic chains. 
Therefore, the mode of binding of the extrinsic dye to the protein can be different between dyes, 
which can ultimately affect the hydrophobicity value obtained.20 Purely aromatic probes may 
interact through π-π interactions with tryptophan or tyrosine residues, whereas those that are 
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purely aliphatic or those comprising of both aliphatic and aromatic components may bind 
differently to the protein surface. Along with being structurally distinct, certain probes may also 
acquire charge in an aqueous solution (i.e. ANS), This can lead to a potential over/under 
estimation of hydrophobicity due to electrostatic interactions, as charge-charge interactions can 
both enhance as well as reduce the interactions between dye and protein depending on the pH 
and ionic strength of the solution.9,21 The size of these probes can also limit the ability to detect 
the surface hydrophobicity.  If hydrophobic amino acids are only partially exposed or lay within 
a narrow pocket, only a smaller nonpolar probe, one that isn’t affected by solution conditions and 
is small enough to access these residues would be efficient in exploring this hydrophobic patch.  
To conclude both traditional techniques, fluorescence spectroscopy and hydrophobic 
interaction chromatography, have a number of experimental problems limiting their ability to 
provide an accurate value of hydrophobicity. Although reproducibility is an important factor, the 
main problem that needs to be addressed is that the values obtained are only relative numbers, 
having no real significance to the hydrophobic character of a protein, unless compared to the 
values measured for another protein. This stresses the importance of establishing a multi-method 
quantitative measurement protocol to define surface hydrophobicity, which provides sufficient 
sensitivity to differentiate hydrophobic interactions from aromatic contributions, independent of 
experimental conditions.  
This paper focuses on using Nuclear Magnetic Resonance (NMR) to understand the surface 
hydrophobicity of proteins. NMR is a sensitive and robust technique that can be used to study the 
binding between a small molecule (probe) and a larger macromolecule (protein) by observing the 
transverse relaxation time (T2).22 Monitoring the relaxation time of the small molecule in the 
absence and presence of a protein will reflect the degree of interaction, providing useful 
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information about the hydrophobic surface of the protein. Aromatic or aliphatic small molecules 
can be used to analyze hydrophobic interactions with the potential to separate the 𝜋-𝜋 effect, the 
ability that was previously not achieved.  
In this study, the sensitivity of NMR to measure surface hydrophobicity was explored by 
comparing the binding between various probes and three well-known proteins. More traditional 
HIC and fluorescence data for these three proteins was also obtained and compared with the 
NMR results. Positive correlation in the relative hydrophobicity measured by different methods 
was confirmed and substantiated by additional information.  
 
3. Materials and Methods 
3.1. Materials 
Bovine Serum Albumin (BSA), α-Chymotrypsinogen A from Bovine Pancreas (A-ChytA), and 
β-Lactoglobulin A (B-LgA) from Bovine Milk, N-Acetyl-L-Leucine Methyl Ester and N-Acetyl-
L-Phenylalanine Ethyl Ester were purchased from Sigma (St. Louis, Mo). Acetyl-Valine-Methyl 
Ester was purchased from Bachem Americas Inc., N-Acetyl-L-tryptophan Ethyl Ester was 
purchased from TCI Chemicals and N-Acetyl-L-Tyrosine Ethyl Ester was purchased from MP 
Biomedicals, LLC. ANS (8-anilino-1-naphthalenesulfonic acid) was purchased from Molecular 
Probes. The Hiscreen Butyl HP column and Hiscreen Phenyl HP column was purchased from 
GE Healthcare. All buffers and protein stock solutions were filtered through 0.22 µm filters.  
3.2.  Methods 
3.2.1. Extrinsic Fluorescence Spectroscopy 
Fluorescence measurements were conducted using Photon Technology International (PTI) 
TimeMasterTM TM-200 LED lifetime strobe spectrofluorometer (Birmingham, New Jersey). 
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Studies were performed at 25 °C with a slit width of 2 nm and each spectrum was collected 4 
times at a scan rate of 2 nm/sec. A 1 mM ANS stock solution was prepared. The stock’s 
concentration was verified prior to the preparation of the final ANS concentration (50 µM) for 
each fluorescence experiment. Concentrations of ANS stock solutions were determined using 
Solo VPE, using molar absorption coefficient ε350 = 4.95 X 103 M-1cm-1.23 Stock solutions of 
BSA, A-ChytA, and B-LgA were prepared with the same buffer and filtered through a 0.22 µM 
filter. The final concentrations of protein were 0.0125 mg/ml, 0.025 mg/ml, 0.05 mg/ml, 0.1 
mg/ml, 0.2 mg/ml, 0.3 mg/ml and 0.4 mg/ml (except for BSA, which saturated the signal at this 
concentration). Samples of protein and ANS were made prior to measurement and stored in a 
dark place for 15 minutes covered with aluminum foil. Relative fluorescence intensities (RFI) of 
each solution (including buffer blank and buffer + probe blank) were measured. The RFI of 
protein blank samples (without ANS) were also prepared for the same concentrations. The net 
relative fluorescence intensities were obtained by subtracting the protein blanks (without ANS) 
from the protein samples that contained ANS.  Measurements were done in duplicate. A 
fluorescence emission spectrum was recorded from 400 nm to 650 nm for all proteins and an 
excitation wavelength of 375 nm was selected. Similarly to what has been put forward by Kato 
and Nakai, the surface hydrophobicity was determined from the protein concentration vs. 
fluorescence intensity at 470 nm plot and the initial slope, S0, is related to surface 
hydrophobicity.3 
3.2.2. Hydrophobic Interaction Chromatography 
HIC was used with an in-line UV detector at 280 nm. 1.0 mg/ml protein solutions were 
filtered and prepared in 20 mM ionic strength sodium phosphate buffer (pH 7.0 ± 0.05) and were 
injected into a high salt mobile phase of 20 mM sodium phosphate buffer with 1 M ammonium 
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sulfate (pH 7.0 ± 0.05). The pH of both buffers was adjusted with NaOH to maintain a pH of 7.0. 
The column was equilibrated with 100% 1.0 M ammonium sulfate in sodium phosphate buffer 
prior to injection until a stable baseline was reached. Three proteins, BSA, B-LgA and A-ChytA, 
were injected separately into the column with an injection volume of 100 µL. Elution was 
accomplished by a 30-minute linear gradient from 100% 1.0 M to 0.0 M ammonium sulfate 
buffer at a flow rate of 0.5 ml/min. At the end of the 30 minutes, the column continued to run in 
20 mM sodium phosphate buffer until the protein eluted off the column entirely and the baseline 
returned. Each sample was filtered with a 0.22 µM filter and injected in triplicates on both the 
butyl HP and Phenyl HP column.   
3.2.3. Sample preparation for NMR 
Stock Samples were buffer exchanged in a pH 7.0 (Mono and Dibasic sodium phosphate) 15 
mM buffer ionic strength (8.5 mM buffer strength). A similar sodium phosphate pH 7.0 buffer 
was prepared at the same buffer and ionic strength using nitrogen flushed D2O as the solvent for 
NMR samples. For probe:protein ratio studies, the small molecular probes were held a constant 
concentration of 3 mM and the ratios used were 1:20, 1:50, 1:200, 1:400 and 1:1000. These 
ratios correspond to 150 µM, 60 µM, 30 µM, 20 µM, 15 µM, 7.5 µM, and 3 µM of protein 
(BSA, A-ChytA, or B-LgA), respectively. A 1:50 ratio was used for a comparative study between 
probes, which correspond to 1.5 mM probe and 30 µM protein. Concentrations of 1.5 mM, 3 mM 
or 6 mM for each of the probes alone were also investigated. The use of internal and external 
references were initially explored, however it was observed that internal references may bind to 
the protein leading to invalid measurements, while external references complicated the 
acquisition process due to problems associated with shimming of two different compartments 
simultaneously. Therefore, the samples did not contain any reference compounds.  
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Probes were selected based on there structural characteristics. Aliphatic alcohol probes selected 
were tert-butyl alcohol, 1-propanol, and 1-butanol and for aromatic interactions, phenol was 
chosen. Capped amino acids were also selected as probes to mimic protein-protein interactions. 
Likewise, the capped amino acids were also chosen based on their aliphatic and aromatic side 
chains, with the aliphatics being N-acetyl-L-leucine methyl ester, and N-acetyl-L-valine methyl 
ester, and the aromatics were N-acetyl-L-phenylalanine ethyl ester, N-acetyl-L-tryptophan ethyl 
ester, and N-acetyl-L-tyrosine ethyl ester.  
3.2.4. Measuring Transverse Relaxation Time 
T2 measurements were performed on a Varian 600 MHz NMR spectrometer equipped with a 
triple resonance cryogenic probe. All samples were prepared in a 2.0 mL eppendorf tube, 
nitrogen flushed and transferred to 535-PP-7 NMR tubes (Wlmad Labglass, Vineland NJ). The 
water signal was suppressed by presaturation at power level 6 dB for 3 seconds. The 
experimental temperature was held at 25 °C.  Binding between the probes and the proteins was 
determined by measuring the transverse relaxation time (T2) of the probe.  Experiments were 
performed using the Carr-Purcell-Meiboom-Gill (CMPG) T2 pulse sequence without temperature 
compensation.24 The pulse sequence is shown in figure 1, the acquisition delay (d1-satdly) was 
set to 22 seconds. This is the time between acquisitions for the nuclear spins to return back to 
equilibrium. The 90° pulse width (pw) is the amount of time the pulse of energy applied to a 
sample is applied to flip all spins to the X-Y plane. The 180 ° pulse width is indicated at (p1). 
This pulse sequence continues to repeat between initial pulse and data acquisition as is suggested 
by the selected Big Tau parameter.  For these experiments, there was a bias towards smaller 
times values to improve the exponential fit. The bigtau values were different between samples 
due to variability of the relaxation of the probes and are given in the appendix (A1). Under these 
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conditions, no sample heating was observed as judged by the lack of temperature-dependent 
perturbations in chemical shifts. No alterations in peak shifts due to J-coupling 25 was noticed 
either. 
The integral for the probe peak of interest was taken in each spectrum of the array. Errors 
originating from overlapping peaks were minimized by base-line correction, which involves 
subtracting a spectrum of the protein alone from the spectrum of the probe with additional 
correction factors to account for concentration differences. The intensities for the peak of interest 
were also taken and used to compare exponential fitting parameters (see supporting information). 
The fit was carried out using the VnmrJ v3.2 T2 analysis module. The equation used for the fit 
was: 
     𝑦 = 𝑚! ∗ 𝑒 !!!! +𝑚!    (1) 
m0 is a constant that corrects for the scaling factor of the integral and m1 is a constant that 
corrects for baseline issues. The T2 measurements were done in triplicates and the average T2 
was calculated for further analysis. 
 
4. Results and Discussion 
4.1. Investigation of Hydrophobicity by Fluorescence and Hydrophobic Interaction 
Chromatography  
We have first established relative hydrophobicity’s for the three proteins of choice by 
employing traditional methods, fluorescence spectroscopy and hydrophobic interaction 
chromatography. Using the extrinsic fluorescence probe ANS, the surface hydrophobicity (S0) 
was measured for the three proteins and results are shown in figure 2. The S0 for BSA was 90-
fold higher than the S0 for B-LgA and ~500-fold higher than the S0 for A-ChytA. A limitation of 
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using ANS is that it is negatively charged in solution, signifying that the interaction between the 
dye and protein is not only due to hydrophobic interactions. The S0 value measured for BSA at 
pH 7.0 at a low ionic strength of 15 mM, will give a different value if measured at high ionic 
strength conditions. As the ionic strength is increased, the charge on ANS will be screened and 
therefore interact differently with the protein. The charges on the surface of BSA will also be 
screened as the ionic strength is increased and therefore may produce a different hydrophobic So 
value. This has been seen in literature when comparing the charged probe ANS to an uncharged 
probe PRODAN under different ionic strength conditions.21 The pH of the solution can also 
affect the local environment of the protein surface and affect interaction with a charge probe. 
Since the two types of interactions, electrostatic and hydrophobic cannot be separated; the 
fluorescence data cannot give a reliable quantitative measure of hydrophobicity. Moreover, due 
to the fact that both the surface and the probe are influenced by solution conditions (i.e. pH, ionic 
strength etc.), the initial slope method, which produces an estimation of surface hydrophobicity, 
only tells the hydrophobic character of a protein at particular conditions. Therefore, these values 
should be used with caution when comparing proteins at different solution conditions and with 
different extrinsic dyes.  
Hydrophobic Interaction Chromatography was also used to determine the surface 
hydrophobicity of the proteins. A butyl column was used for hydrophobic aliphatic interactions, 
and separately an aromatic phenyl column was used for π-π interactions between the phenyl ring 
and aromatic residues. A more hydrophobic protein will elute from the column at longer times. 
Figure 3 shows the results for the three proteins injected separately and as a mixture in two 
different columns. The order of hydrophobicity is similar for both columns. A-ChytA elutes off 
the column first, followed by B-LgA and BSA. This indicates that of the three proteins, BSA is 
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most hydrophobic.  Similar behavior was seen with the retention times of BSA and B-LgA using 
an HIC linear gradient method.26 All three proteins have multiple peaks, which indicates 
heterogeneity in the sample based on molecular weight (fragments or aggregates) or different 
conformational species present in the sample. Multiple peaks can also relate to changes induced 
by different ammonium sulfate concentrations or the strength of the hydrophobic stationary 
column.27 Ueberbacher and coworkers used ATR FTIR to show that at high isocratic 
concentrations of ammonium sulfate, BSA does change conformation after being bound to the 
butyl HP column 28. At a high ammonium sulfate concentration, the change in conformation 
could promote BSA aggregates, which may have different binding strengths leading to the 
difference in retention. Ueberbacher also states that partially unfolded proteins have a difficult 
time eluting off of the column, which may be why we see BSA having very broad peaks on both 
the phenyl and butyl columns. Though our elution patterns for BSA is not very different between 
the two columns, BSA may undergo structural changes and/or aggregate, making it difficult to 
assess the aromatic and aliphatic interactions.  
The elution profile for B-LgA is significantly different between the two columns, where the 
peak is relatively sharper for the phenyl column as well as having a small secondary peak eluting 
at a later time. This could be due to B-LgA having stronger π-π interactions. The least 
hydrophobic protein, A-ChytA has distinct peaks on both columns, having three peaks on the 
butyl column, and four peaks on the phenyl column.29 Multiple peaks present for A-ChytA may 
indicate numerous conformations at the pH and ionic strength studied as well as aromatic 
binding between these conformations to the phenyl column. These HIC results pose difficulties 
when trying to compare relative hydrophobicity’s of these three proteins. Comparing the results 
from the phenyl HIC column, to the fluorescence spectroscopy data, A-ChytA showed the least 
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amount of binding to ANS even though both ANS and the phenyl column contain aromatic 
residues. This lack of increase in fluorescence intensity could be due to the lack of hydrophobic 
accessible binding sites on the protein surface.30 
These results demonstrate that surface hydrophobicity is an interplay between both aliphatic 
and aromatic amino acids. It is also clear that because of the difference in solution conditions, 
which alter the amount of hydrophobic binding between techniques, finding additional 
information beyond the relative surface hydrophobicity is still a challenging task when using 
established methods.  
4.2. Optimization and Applicability of NMR for Evaluating Surface Hydrophobicity 
Interactions between small molecular weight probes and large proteins can be observed by 
monitoring changes in the chemical shift and line broadening of the NMR spectrum.31 However, 
in practice the line-width is affected by artifacts, 𝜗!"#$!% = 𝜗! ! + 𝜗!"!!!!". These artifacts are 
associated with magnetic field non-homogeneity caused by the lack of identical shims for each 
sample, subsequently causing large errors. To resolve this issue, one can track changes in the 
probe’s relaxation time to minimize magnetic field inhomogeneity.32-35 The line width is 
inversely proportional to the transverse relaxation time, T2 and both parameters are related by the 
equation, 𝜗! ! = !!!!. Large molecules such as macromolecules are characterized by longer 
correlation times and relax faster in solution than small molecules. Thus, when a small molecular 
weight probe binds to the protein, the probe relaxation rate increases and the probe will relax 
faster in solution.36 The T2 relaxation is determined by fitting the data points (peak integrals) in 
time array to equation 1 as demonstrated in Figure 4.  
Since peak intensities are more sensitive to a number of factors not particularly related to 
binding, such as variations in line shapes and possible shifts in resonance frequencies due to 
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temperature instability,37 the exponential decay is monitored by peak integration. One drawback 
with using peak integration is the chance of overlapping peaks, broad protein peaks located 
underneath the sharp probe peak, thus producing problems with fitting the data.  Integration over 
this region would combine the areas of both, the signal of interest and unwanted peaks, which 
may cause difficulties with fitting the data to a single exponential function and result in 
inaccurate T2 measurements. Therefore, when there is no option to choose other probe peaks 
where overlapping peaks are not present, protein peak subtraction before fitting is necessary. 
Aliphatic and aromatic small molecular probes were chosen to determine the contributions of 
different nonpolar structures to protein hydrophobicity. Phenol and t-butyl alcohol were the first 
two small molecules tested for interactions with BSA, A-ChytA and B-lgA and were tested at 
various ratios (probe to protein). Hydrophobic interactions are weak non-covalent interactions; 
therefore non-specific interactions between the probe and protein (with Kds, dissociation 
constants, in high mM range) were expected. In order to ensure the measurements were sensitive 
enough to reflect ligand/receptor kinetics, it was assumed that the equilibrium between the free 
probe and the probe bound to the protein is in fast exchange.33 Thus, the peaks observed 
correspond to a population average of the two states in fast exchange, the free probe in solution 
([S]) and the one bound to a target protein ([SP]). The averaged peak would then have a 
relaxation rate that is weighted summation of the free and bound states as shown in the equation 
2 below.  
!!!!"# = 𝑓! !!!! + 1− 𝑓! !!!!"##   where   𝑓! = [!"][!]!"!#$   (2) 
The T2obs is the measured relaxation time of the probe with protein in solutions, T2f is the 
relaxation time of the probe alone, T2b is the relaxation time of the probe in its bound state (a 
constant value equal to the relaxation time of only the protein), and fb is the fraction of probe 
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bound. The 1H transverse relaxation times of the proteins were measured and the values used are 
0.030 s, 0.020 s, and 0.003 s for B-LgA, A-ChytA and BSA, respectively. Solving equation 2 for 
fb results: 𝑓! = !!! !!!!!!!"#!!!"# !!!!!!!  (3) 
Multiple binding sites for nonspecific interactions between a small molecule probe and a 
protein are probable. Therefore, one can assume that there are n binding sites and that each 
binding site is equivalent:   
     !"!! = 𝑛 !!!!!     (4) 
Rearranging equation 4, the model equation can be obtained below.  𝑓! = 𝛼 − 𝛼! − 𝛽                     (5) 
where 𝛼 = [!]!!![!]!!!!![!]!        (6) 
and 𝛽 = ![!]![!]!              (7) 
It is possible to fit the equation to obtain Kd and n because the concentration of the probe and 
protein are known. However, this is highly dependent on how it’s fit 38  and could lead to 
unreliable results. Instead, the fraction bound of probe with respect to the concentration of target 
protein was plotted (Figure 5), where the steepness of the linear fit can be considered as a semi-
quantitative measurement of protein hydrophobicity. The greater amount of probe that is bound 
correlates to a steeper slope. Therefore, it can be concluded that BSA is the most hydrophobic 
whereas B-LgA is the least hydrophobic based on phenol. Tert-butyl alcohol has appreciably less 
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affinity for BSA than phenol and exhibited no significant interaction with either A-ChytA or B-
LgA.   
Figure 5 also elucidates the inconsistency of T2 measurements for A-ChytA, where it could be 
more or less hydrophobic depending on the sample history preparation. It was found that these 
inconsistencies are due to the tendency of A-ChytA to degrade/oligomerize over time (see 
appendix figure for time dependency, A3), which could be potentially related to the autocatalysis 
from trace impurities of chymotrypsin.39 It is observed in literature that chymotrypsin is less 
hydrophobic than its zymogen, A-ChytA.18 Therefore, further studies are needed to explore 
differences in T2 values and time-dependent changes in hydrophobicity of A-ChytA. Although 
unexpected, variations in the T2 values determined by NMR can be used as an indicator for 
changes in sample integrity.   
Furthermore, to explore the use of different hydrophobic probes, the interaction between a 
protein with various probes can be studied at one ratio, rather than performing a more extensive 
concentration-dependent titration (as presented in Figure 5). When comparing T2 values at one 
particular ratio, a sufficient amount of probe bound is necessary in order to have more 
confidence in the measured differences in the T2 (and correlated fraction bound values). For this, 
a ratio of 1:50 (from the titration curves for the phenol and tert-butyl) was chosen and the data 
for various probes are highlighted in Table 1. Instead of showing the absolute T2 values of the 
probes, the percent reductions upon binding are presented. Evaluating the interaction between 
protein and probe this way makes analysis more intuitive: as each probe has its own unique T2 
value, it is difficult to compare the changes between probes looking just at the raw numbers. The 
greater percent reduction/change indicates a greater degree of interaction between probe and 
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protein. The different probes tested and the subsequent interactions with each protein are 
discussed below.  
4.2.1. Aliphatic vs. Aromatic Small Probes 
Each small molecule was chosen to emphasize the difference in aliphatic and aromatic 
contribution to hydrophobic interactions. According to Table 1, the interaction between the 
proteins and the aromatic probes is different compared to the interaction between aliphatic 
probes and the proteins. When comparing the free probe to BSA-bound, there is a notable drop in 
the T2 values for all aliphatic (tert-butyl, butanol, propanol) and aromatic (phenol) probes. 
However, the decrease (97%) is much more significant for BSA interacting with phenol, rather 
than BSA interacting with t-butyl alcohol (21% decrease). Although BSA does interact with all 
aliphatic probes (73% decrease in 1 –butanol and 60% 1-propanol), it is the only protein of the 
three to exhibit any interaction at all with the aliphatic probes. Both A-ChytA and B-lgA observed 
changes in T2 measurements within experimental error. However, Phenol is only probe that 
demonstrates interaction with all three proteins.  
4.2.2. Aliphatic vs. Aromatic Capped Amino Acids 
One advantage of using certain probes in NMR (as opposed to probes in fluorescence 
spectroscopy) is for the interaction between protein and probe to be based solely on hydrophobic 
interactions without an added contribution from electrostatic interactions. Therefore to use amino 
acids as probes, which are typically charged under physiological conditions, the N and C-
terminus were capped to eliminate electrostatic interactions. The results were similar to what was 
previously seen with small alcohol probes. The aliphatic amino acids, leucine and valine 
displayed no binding to A-ChytA and B-lgA, while showing a slight interaction in the presence of 
BSA. Leucine relaxes very fast (0.67 s); therefore the 9% decrease seen after interacting with A-
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ChytA (0.61 s) can be attributed to its very fast relaxation behavior and not due to interaction 
between probe and protein. Although interactions between aliphatic probes and proteins were 
negligible, a decrease in T2 for the aromatic amino acid tryptophan was seen with all proteins. 
Surprisingly tyrosine and phenylalanine did not demonstrate binding to all proteins even though 
their structure is analogous to phenol.  
Since Capped Phe and Tyr did not interact with the proteins as expected, it is hypothesized 
that the capped C- and N-terminus may likely be responsible. These amino acids are capped on 
the C-terminus with ethyl esters and N-terminus with an acetyl group; thus they have an 
increased bulkiness, which may result in steric hindrance. It was also seen that different 
conformations of capped amino acids are found in solution. Generally, the different 
conformations of capped amino acids are readily interconverted in solution, so the corresponding 
peaks in 1H NMR spectrum represent an average of the conformations. We have found that 
capped amino acids have different conformations in slow exchange, leading to two (or, in some 
cases, even more) distinct conformations of non-equal populations.  
The different conformations of Trp alone and bound to the three proteins are shown in figure 
6. Trp has only five unique aromatic hydrogens, however the pattern of peaks in the aromatic 
region is more complex than expected (figure 6A). This is evidence that there are different 
conformations of capped-Trp in solution. Additionally, the disappearance of particular 
conformations in protein/probe solutions makes the use of this probe challenging. This is 
apparent by looking at the left most hydrogen (two doublets) in figure 6A. The left most doublet 
at 7.54 ppm disappears in the presence of BSA (Figure 6B) and moderately disappears when 
interacting with B-lgA (6D), but is present with A-ChytA (6C). Similarly, the right doublet at 7.48 
ppm disappears with A-ChytA, but remains with BSA and B-lgA.  
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This characteristic of a probe is very problematic because different conformations complicate 
the exponential fit as they may have a different binding capability to the protein and therefore 
can no longer be fit to a single exponential. For example, taking the integral over the range from 
7.56 ppm to 7.45 ppm to examine the T2 of one hydrogen would not be appropriate for analysis 
as the observed peaks correspond to two or three unique hydrogen’s, some of which can entirely 
disappear either due to the shift in equilibrium between conformations or due to line-broadening 
beyond detection upon tight binding.  Thus, T2 values defined from these experiments become 
questionable.   
Tryptophan was not the only amino acid that was observed to have different conformations 
upon binding. Leucine and tyrosine also displayed conformational changes whereas 
phenylalanine and valine did not. Nevertheless, using these capped amino acids as probes still 
pose potential problems regarding their size and potential steric clashes. However, further 
experiments using the different conformations of these amino acids could make interesting 
observations on the geometry and conformation of how tryptophan interacts with proteins in 
solution. However for the purpose of these studies, capped amino acids bring unnecessary 
complications and do not seem suitable molecules for our studies.   
4.3. Comparison of Fluorescence, HIC, and NMR 
The present techniques have all been used in an orthogonal approach to characterize the 
hydrophobicity of three different proteins. While HIC has the potential to distinguish between 
aliphatic and aromatic interactions, this technique along with fluorescence spectroscopy are both 
highly influenced by experimental conditions and contributions from additional types of 
interactions. NMR is the most sensitive to protein stability as highlighted in the case of A-ChytA, 
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while under the pH and ionic strength conditions are prone to aggregation and could autocatalyze 
its degradation from chymotrypsin impurities, which led to remarkably different T2 values.    
In pharmaceutical protein formulations, aggregation, precipitation and opalescence are 
critical issues. However, the role of hydrophobicity in these phenomena is not clear. It is 
recognized that protein molecules will have a combination of various interactions, some of which 
can be modulated by pH and ionic strength of the solution. This method serves as an attempt to 
provide tools to better quantify the hydrophobic effect. The focus of this investigation is to 
quantitate the hydrophobicity (entropic/dispersion forces etc.) of the protein without any 
influence of electrostatic or steric influences.   
 
5. Conclusions 
Solution NMR is a fast and robust technique that is able to investigate the interaction 
between small molecular probes and proteins. In our search to define the hydrophobicity of 
proteins, it was found that there is a difference between the non-specific binding capabilities of 
aliphatic and aromatic probes. There was a significant drop in T2 values for phenol in every 
protein solution tested, whereas there were no signs of binding for any aliphatics tested to A-
ChytA or B-LgA. The same observations of the preferable aromatic interactions were found to be 
the case for capped amino acids, where the aliphatics Leu and Val did not bind to A-ChytA or B-
LgA, but Trp, an aromatic, did. Intriguingly though, Phe and Tyr interacted only with BSA, 
hypothesizing that it was most probably due to the steric clashes with bulky capped ends. 
Therefore, use of capped amino acids as hydrophobicity probes is not suggested for future 
studies despite the potential advantage of mimicking protein-protein interactions.  
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 The reliability of the NMR for measuring the surface hydrophobicity was determined by 
comparing it to two well-known techniques, which were HIC and extrinsic fluorescence 
spectroscopy. All techniques showed that BSA was the most hydrophobic. Fluorescence data 
indicated that A-ChytA is the least hydrophobic, whereas NMR and HIC were not conclusive. 
Though the findings here are promising, there still remain questions that need to be answered. 
For instance, further studies are needed to better characterize phenol as an optimal binding probe 
(or possibly find another small aromatic probe), to determine a suitable method for quantification 
of surface hydrophobicity by NMR, to understand how and when aliphatic probes bind, and how 
sample integrity relates to the observed differences T2. Nonetheless, NMR is a versatile 
technique with vast potential. It is a sensitive technique for measuring the surface hydrophobicity 
of proteins, specifically focused on differences between aromatic and aliphatic binding modes. 
This approach can be further used for protein targets with specific pharmaceutical significance.   
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7. Figures and Tables 
 
 
 
 
Figure 1. CMPG-T2 pulse sequence for NMR measurements. 
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Protein Surface Hydrophobicity (S0) 
BSA 1355.2 
B-LgA 16.6 
A-ChytA 2.8 
 
 
Figure 2. Fluorescence Intensity of ANS as a function of B-lgA concentration. Concentrations 
shown here represent the minimum and maximum concentrations used. Relative fluorescence 
Intensity (RFI) at 470 nm as a function of B-lgA concentration is shown in the inset. The initial 
slope of the line is used to represent the surface hydrophobicity. The table shows the initial 
slopes (S0) of ANS bound to BSA, B-LgA and A-ChytA. 
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Figure 3. The HIC elution profile of BSA, A-ChytA, B-LgA, and Mixture on (a) Phenyl HP (b) 
Butyl HP column. 
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Figure 4. A sample exponential decay (of 3 mM phenol) obtained from the CMPG-T2 
experiment. The exponential is fit with equation 1. The variables of the fit were m0 = 99.2, 
m1=0.88, and t2=5.147 s. The inset depicts the peak of interest (triplet at 7.34ppm) at consequent 
time points in the array. 
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Figure 5. Plot showing the fraction bound of probe vs. the concentration of protein. The 
probe:protein mixtures are labeled and a linear fit of each data set is shown. Two sets of data are 
shown for phenol:A-ChytA to better represent the variability of T2’s obtained, which is due to 
protein degradation/activation at different time points of protein preparation.  
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Table 1: Percent Reduction in T2 Relaxation Times of the Probes upon Binding to the Proteins. 
                  Protein 
 
Probe 
 
BSA 
 
A-ChytA 
 
B-LgA 
Tert-butyl alcohol 21 NB NB 
1-butanol 73 NB NB 
1-propanol 60 NB NB 
Phenol 97 11 18 
Capped Amino Acids 
Leucine 58 9 NB 
Valine 17 NB NB 
Phenylalanine 84 NB 8 
Tryptophan 94 21 19 
Tyrosine 79 6 NB 
 
The values shown above are the percent change in T2 when compared to the T2 of the free probe 
using the average T2 value obtained, where percent change = 100 ∗ (𝑇!! − 𝑇!!"#)/𝑇!!. Percent 
changes of less than 5% were within experimental error and are denoted with NB (no binding). 
The ratio for protein:probe is 1:50, where the protein concentration is 0.03 mM and the probe is 
1.49 mM. T2 of the free probes and integration regions are: tert-butyl alcohol = 2.32s (1.28-
1.18ppm), 1-butanol = 2.69 s (0.86-0.6 ppm), 1-propanol = 3.32 s (0.86-0.6 ppm), phenol = 5.16 
s (7.4-7.26 ppm), leucine = 0.67 s (0.84-0.7 ppm), valine = 0.83 s (0.95-0.6 ppm), phenylalanine 
= 2.04 s (7.28-7.08 ppm), tryptophan = 2.20 s (7.56-7.45 ppm), tyrosine = 1.46 s (7.14-6.86 
ppm).  
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                  Protein 
 
Probe 
 
BSA 
 
A-ChytA 
 
B-LgA 
Tert-butyl alcohol 0.21 -0.05 0.004 
1-butanol 0.73 -0.02 -0.02 
1-propanol 0.60 -0.03 0.02 
Phenol 0.97 0.11 0.18 
Capped Amino Acids 
Leucine 0.58 0.09 0.00 
Valine 0.17 -0.03 -0.03 
Phenylalanine 0.84 -0.01 0.08 
Tryptophan 0.94 0.21 0.19 
Tyrosine 0.79 0.06 -0.03 
 
The values shown above are the fraction change in T2 when compared to the T2 of the free probe 
using the average T2 value obtained, where fraction change = (𝑇!! − 𝑇!!"#)/𝑇!!. The ratio for 
protein:ligand is 1:50, where the protein concentration is 0.029 mM and the ligand is 1.490 mM. 
T2 of the free probes and integration regions are: tert-butyl alcohol = 2.32 s (1.28-1.18ppm), 1-
butanol = 2.69 s (0.86-0.6ppm), 1-propanol = 3.32 s (0.86-0.6ppm), phenol = 5.16 s (7.4-
7.26ppm), leucine = 0.67 s (0.84-0.7ppm), valine = 0.83 s (0.95-0.6ppm), phenylalanine = 2.04 s 
(7.28-7.08ppm), tryptophan = 2.20 s (7.56-7.45ppm), tyrosine = 1.46 s (7.14-6.86ppm).  
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Figure 6. Capped-Trp spectra are shown zoomed on the aromatic region. The concentrations of 
Trp (shown for Trp alone in A) are 3 mM and the ratio of Trp to proteins, (shown for BSA in B, 
for A-ChytA in C, and for B-LgA in D), is 1:100. Integration areas are: 7.56-7.45ppm = 0.99, 7.4-
7.3ppm = 1.02, 7.15-7.06ppm = 2.0, 7.05-6.98ppm = 0.99. This correlates to the five aromatic 
protons of Trp. 
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Chapter 4 
 
Evaluating the Role of Protein-Surface Interactions in 
Aggregation of Proteins in Solution 
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1. Abstract 
 
Three proteins were stressed via mechanical stress to determine the extent of aggregation in 
solution over time. The three proteins, Bovine Serum Albumin, α-chymotrypsinogen A and       
β-lactoglobulin A have different surface hydrophobicity’s measured previously. However, the 
hydrophobicity order had no bearing on the effect on aggregation by mechanical stress. After 
three days of shaking, BSA exhibited no aggregation, whereas A-ChytA and B-lgA displayed 
aggregates that were to the same extent as solutions that were kept as controls (no stress). 
Surface elasticity was also measured for each protein as a function of pH. The elastic modulus 
did vary, as a function of pH for the three proteins, however did not change or depend on the 
hydrophobic nature of the proteins or any applied 24-hour stress. Unfolding and aggregation as a 
function of temperature was determined for BSA by monitoring light scattering and fluorescence 
spectroscopy simultaneously. Aggregation was observed as the protein began to unfold for BSA, 
however aggregation was unable to be detected for both A-ChytA and B-lgA. 
 
 
 
Key Words: Hydrophobicity; Shaking Stress; Bovine Serum Albumin; Protein Unfolding; 
Fluorescence; Protein Adsorption; Interfacial Rheology 
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2. Introduction 
Developing protein therapeutic drugs, especially monoclonal antibodies, to treat chronic 
illnesses such as cancer and autoimmune diseases continues to be an emerging field in the 
pharmaceutical industry.1-4 However the stability of a protein can be compromised at various 
stages of formulation and development.5 In order for protein therapeutics to remain safe, stable 
and efficacious for the entire shelf life of the drug, an understanding of the multiple degradation 
pathways is essential. One common form of physical degradation is protein aggregation.6 
Aggregates are formed when native, partially unfolded or fully denatured proteins interact in 
solution to form new species.7,8 These interactions can be covalent or non-covalent in nature. 
Non-covalent interactions are comprised of Van der Waals forces (dipole-dipole, dipole-induced 
dipole, and induced dipole-induced dipole), hydrogen bonding, electrostatic and hydrophobic 
interactions.9-12   
Hydrophobic interactions between protein molecules have been suggested as a major 
pathway leading to aggregation. 8,13-16 Hydrophobic amino acids are mainly present inside the 
core of the protein molecule away from water, but some are also located on the surface, exposed 
to the solvent. 17-19 Determining the surface hydrophobic patches on the protein structure that are 
prone to aggregation has been investigated.14,16,20,21 However, aggregation is induced at elevated 
temperatures thus, the protein first unfolds and then aggregates in solution. The surface 
hydrophobicity of an unfolded protein is different than the surface hydrophobicity of the protein 
in its native structure.  Other methods use the average hydrophobicity determined by the primary 
amino acid sequence to relate to protein aggregation, however not all of these amino acids are 
solvent exposed and not all contribute to aggregate formation. Although there are different views 
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on how to identify hydrophobicity of a protein molecule and relate to aggregation, the issue is 
still unresolved and continues to remain an area of active research.22,23 
Aggregation can also be influenced by external stresses such as temperature and mechanical 
stresses.24,25 Exposure to elevated temperatures can lead to protein unfolding and cause proteins 
to favorably interact in solution.  Mechanical stress, such as shaking, can occur during 
manufacturing, shipping and handling of the protein formulation.26,27 Shaking stresses are known 
to create air/water interfaces, and subjecting the protein to this type of stress could result in 
aggregates due to structural changes at the interface. 28-31 It is proposed that a protein will 
spontaneously diffuse to the interface and will undergo a structural rearrangement where the 
protein will rearrange to expose the hydrophobic amino acids to the air while exposing the more 
hydrophilic amino acids to the aqueous solvent. 32-34 These denatured proteins will interact at the 
interface, aggregate and fall back into the bulk solution, or the denatured protein will fall back 
into solution and aggregate in the bulk. 30,35 However questions still remain regarding the impact 
that surface hydrophobicity has on protein aggregation mediated by the air/water interface.  
The objective of the present work is to determine whether protein association/aggregation is 
governed by the surface hydrophobicity or by the propensity of a protein to unfold. To achieve 
this, mechanical (shaking) stress is applied to model proteins (Bovine Serum Albumin (BSA), α-
Chymotrypsinogen A (A-ChytA) and β-lactoglobulin A (B-lgA) with known hydrophobicity 
values, while monitoring unfolding and aggregation at different solution conditions. Rheological 
properties of the proteins are also assessed to understand the behavior of the protein at the 
air/water interface and the resulting impact on protein aggregation.  
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3. Materials 
All buffer reagents and chemicals used were of reagent grade or the highest purity. 
β -lactoglobulin A (B-lgA), Bovine Serum Albumin (BSA) and α-Chymotrypsinogen A (A-
ChytA) were all purchased from Sigma Aldrich (St. Louis, MO). Triple distilled water was used 
to prepare all solutions. Solutions of pH 4.0 (acetic acid-sodium acetate), pH 5.0 (acetic acid-
sodium acetate), pH 7.0 (mono and dibasic sodium phosphate), pH 9.0 (N,N Bis(2-
hydroxyethyl)glycine (Bicine) buffers were prepared to maintain the solution pH. For each 
buffer, concentrations were selected to maintain the ionic strength at 15 mM without any 
additional salt. For ionic strength studies, the buffer solution was adjusted to 150 or 300 mM 
with sodium chloride. Prior to analysis, protein solutions were buffer exchanged to prepare stock 
solutions using Amicon Centrifuge units (10 kD cutoff) to obtain desired pH. Concentrations 
were determined using SoloVPE with absorptivity’s equal to 0.667, 2.02 and 0.96 mL/(mg*cm) 
for BSA, A-ChytA and B-lgA, respectively. These stock solutions were used to prepare solutions 
for further analysis. For shaking studies, 20R (Schott) Fiolax clear vials (55.0 mm height and 
30.0 mm OD) and Stelmi C1404 20 mm bromobutyl stoppers were used.  
 
4. Methods 
4.1. Stability Studies of BSA, A-ChytA and B-lgA Solutions at pH 7.0 
4.1.1. Mechanical (Shaking) Stress  
Samples of 1 mg/ml were filtered through a 0.22 µM syringe and filled in a 20 mL glass vial, 
with a 5 mL fill. Then they were placed vertical on a New Brunswick Scientific platform shaker 
plate and rotated at 200 rpm for the specified amount of time. The presence of aggregates during 
shaking studies was determined using Dynamic Light Scattering measurements using Malvern 
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Zetasizer Nano series (Worcestershire, UK) at a wavelength of 632.8 nm and a scattering angle 
of 173°. Monomer peaks were chosen based on size by being less than 12 nm in diameter. In the 
DLS measurements where there were multiple peaks present, the second and third peaks were 
designated as aggregate peaks and the diameter was no greater than 1000 nm.  
4.1.2. Monitoring Protein Unfolding 
The unfolding propensity of BSA and A-ChytA was measured while being stressed for 48 
hours by using a Photon Technology International (PTI) TimeMaster TM TM-200 fluorescence 
spectrofluorometer with a xenon arc lamp. 50 µM of ANS at pH 7.0 (15 mM ionic strength) was 
added prior to stress of each protein sample. An aliquot from each sample was taken out of both 
of the stressed and unstressed vials after 6, 18 and 48 hours. Fluorescence measurements were 
performed at an excitation wavelength of 375 nm. The same samples were than monitored for 
aggregation using dynamic light scattering.  
4.1.3. Thermal Denaturation Studies 
Fluorescence measurements were performed on a Photon Technology International (PTI) 
spectrofluorometer and temperature was controlled within the cuvette cell with a temperature 
control device from Quantum Northeast (Spokane WA). Protein stock solutions of 10 mg/ml 
were prepared in a pH 7.0 sodium phosphate buffer with an ionic strength of 15 mM (buffer 
strength of 8.5 mM) and filtered through a 0.22 µM syringe filter. For proteins A-ChytA and B-
lgA, the sample was diluted to 1 mg/ml with excitation and emission slit widths set to 0.5 mm. 
BSA was diluted to 0.5 mg/ml and the excitation and emission slit widths were set to 0.2 mm. 50 
µM ANS was added to the final protein concentration solutions. Heating was increased at 1 
°C/min with an equilibration time of 120 seconds once the temperature was reached. Samples 
were checked periodically for micro air bubbles. For each sample, the protein and ANS were at a 
	  	   77	  
constant concentration. For each scan, the excitation wavelength was set to 375 nm and the 
emission spectra were collected between 350 nm to 650 nm at a rate of 2 nm/sec for all samples. 
Four scans were collected for each sample and each protein was analyzed in triplicate.  
4.2. Protein-Protein Interactions  
DLS studies were performed on Malvern’s Zetasizer Nano Series at a wavelength of 632.8 
nm and an angle of 173°. All samples and buffers were filtered through 0.22 microns before 
measurements. Measurements were performed in duplicate, except for A-ChytA, which were 
performed in triplicate. Concentrations of proteins range from 2 mg/ml to 10 mg/ml. After each 
measurement, the sample was checked on Solo VPE for correct concentration. Using Malvern’s 
software, Diffusion coefficients (Dm) were obtained from the correlation function. The measured 
diffusion coefficient is plotted as a function of protein concentration (c) in mL/g, and a linear 
line can provide information to obtain the Ds (self-diffusion coefficient) and the kD (interaction 
parameter). 36 𝐷! = 𝐷! 1+ 𝑘!𝑐  
The interaction parameter is obtained by the slope/intercept. A positive kD indicates repulsive 
protein-protein interactions, while a negative kD represents attractive interactions are dominant in 
solution. kD has both contributions from thermodynamic and hydrodynamic properties.37 
4.3. Differential Scanning Calorimetry 
DSC experiments were performed on a nano-DSC (TA instruments) to determine Tm and 
onset of unfolding for the proteins in a pH 7.0 sodium phosphate buffer at 15 mM, 150 mM and 
300 mM ionic strength. 1 mg/ml of each protein sample was filtered through a 0.22 µM syringe 
filter and checked for concentration prior to experiment. Each sample was run at a scan rate of 
1°C/min from 25 °C to 90 °C with a pre-scan equilibration time of 600 seconds. The 
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corresponding buffer was also run at the same conditions for baseline subtraction. The thermal 
scans were analyzed; baseline subtracted and fitted using the Nano Analyze software.  
4.4. Interfacial Rheology  
An AR-G2 rheometer with a Du Nouy ring attachment was used to measure the viscoelastic 
properties at the air/liquid interface. A platinum/iridium ring was attached to a stress motor with 
a radius of 10 mm and a thickness of 0.36 mm. The ring was aligned with a Delrin trough, which 
holds the sample at a temperature of 25 °C regulated by a water bath and Peltier plate. Samples 
were placed in the trough at a concentration of 1 mg/ml at a constant volume of 9600 µL. The 
ring was lowered manually each time to make contact with the surface. For each protein, strain 
sweeps were performed at constant frequency and frequency sweeps were performed at constant 
strains to obtain information about the linear-viscoelastic region. Once parameters were chosen 
in the linear regime, time sweeps were performed for all solutions. All samples were measured in 
duplicate at pH 4.0; at pH 5.0; duplicate measurements were performed for B-lgA and BSA; 
while four measurements were made for A-ChytA. At pH 7.0; BSA was measured seven times, 
while B-lgA and A-ChytA were measured four times. At pH 9.0, duplicates measured for A-
ChytA.  
4.5. Surface Tension Measurements 
Surface tension measurements were performed using a microbalance with a Wilhelmy plate 
perpendicular to the interface.  The protein concentration was 1 mg/ml for each protein and was 
measured after measurements were taken.  Samples were diluted and placed in a petri dish after 
the Wilhelmy plate was at the correct height for the surface tension reading. Between readings, 
the Wilhelmy plate was cleaned by flame for several seconds. Within a single measurement, the 
petri dish was swirled by hand for thirty seconds before a second reading was performed.  
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To determine the impact of mechanical stress on the samples, surface tension measurements 
was taken prior to shaking. Following the measurement, samples were placed in a 20 mL glass 
vial and were shaken at 200 rpm for 20-22 hours. After the stress, the surface tension was 
measured for a second time.  For each sample, a 150-µL aliquot was taken to determine 
concentration and aggregation by dynamic light scattering.  
 
5. Results  
5.1. Protein Unfolding and Aggregation  
The unfolding propensity of BSA and A-ChytA while being stressed for 48 hours was 
monitored by adding 50 µM of ANS at pH 7.0 (15 mM ionic strength). An aliquot from each 
sample was taken out of both of the stressed and unstressed vials at specific time points. 
Aggregates were measured by dynamic light scattering (figure 1) according to size and then the 
same samples were analyzed by fluorescence spectroscopy to determine if the protein unfolded 
during the applied stress (figure 2). It can be seen from figure 1, that after shaking BSA for 42 
hours, aggregation is not detected in any of the vials (scattering intensity remained unchanged). 
However for A-ChytA in the presence of ANS, aggregates were present in both the stressed and 
unstressed vials. At 48 hours, the vials that were exposed to the stress, aggregated more than 
those held at room temperature. Figure 2 captures the environment of ANS when exposed to the 
two proteins, which is determined by the shift in maximum wavelength of fluorescence intensity. 
A blue shift to lower wavelengths indicates that ANS is in a more nonpolar environment and a 
red shift to higher wavelength illustrates a more polar environment. It is observed that there is no 
shift in wavelength for BSA. However, there is a shift in 𝜆!"#  over time for A-ChytA but it does 
not differ between stressed and not stressed vials. Further shaking studies are performed and the 
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results are shown in section 5.3 to determine the effect of solution conditions on protein 
aggregation during shaking stress.  
5.2 Effect of pH on elasticity at the Surface 
Figure 3 shows a time (a), strain (b) and frequency (c) sweeps for 1 mg/ml BSA at pH 5.0 to 
determine the linear viscoelastic region and parameters to use for further studies. These results 
are similar to what has been determined previously in literature.38 Using 0.6% as the strain rate, 
and 0.1 Hz as the frequency, time sweeps were performed for one hour for each protein at 
different pH conditions. The time sweeps at different pH conditions for 1 mg/ml BSA solutions, 
A-ChytA and B-lgA can be found in the Appendix (A4). For all proteins, the linear viscoelastic 
regions showed a more pronounced elastic response (G’ > G’’). BSA plateaus around 20 
minutes, therefore to compare all proteins, the G’ at 50.4 minutes was obtained and plotted in 
figure 4.  Figure 4 illustrates that there is a difference in the G’ (elastic modulus) as a function of 
pH for each of the proteins. Both B-lgA (pI 5.1) and BSA (pI 4.9) have the highest elasticity at 
pH 5.0, their isoelectric point. The G’ value is reduced for both proteins as the solution pH is 
increased to pH 7.0 and decreased to pH 4.0. The behavior for A-ChytA does not follow this 
pattern: the pI of the protein is ~9.0, but G’ does not change significantly between pH 4.0, 7.0 or 
9.0. The only pH that affects the elastic modulus of A-ChytA is pH 5.0. The surface rheology 
and surface tension were also monitored before and after 24 hours of mechanical stress, however 
there was no impact on the elastic modulus and surface tension before and after shaking stress 
(data not shown).  
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5.3 Protein Aggregation after Mechanical Stress 
Dynamic light scattering measurements were performed at different solution conditions to 
monitor aggregation as a function of time for A-ChytA, BSA and B-lgA. BSA (figure 5) shows 
no aggregation present in the stressed or unstressed vials for all ionic strengths studied at pH 7.0. 
It can be seen from figure 6, that A-ChytA aggregated at low ionic strength (15 mM) due to the 
decrease in monomer scattering intensity, but aggregation is absent at higher ionic strength 
conditions. For ionic strength conditions 150 mM and 300 mM, there is no aggregation present 
therefore lines representing 100% monomer scattering intensity overlap. Aggregation is present 
for A-ChytA at 15 mM after 24 hours and continues to increase as time increases. However, as 
time increases to 72 hours, there is no difference in the rate of aggregation for either the control 
non-shaking vial, or the shaking vial at 72 hours. This aggregation behavior is in agreement with 
what has been observed in literature as a property of this protein.39 B-lgA aggregation is shown 
in figure 7. The vials at 15 mM ionic strength show aggregation to a greater extent than the 
higher ionic strength condition (300 mM) seen by the decrease in monomer scattering intensity. 
Both BSA and A-ChytA also underwent mechanical stress at pH 5.0 15 mM and 300 mM (data 
not shown) and it was concluded that both proteins were not influenced by the mechanical stress 
since aggregation was minimal for both.  
5.4 Protein-Protein Interactions 
The nature of interactions in dilute solutions was measured by dynamic light scattering, 
(DLS). DLS measures the diffusion coefficients of a solute, and using this information, the 
interaction parameter, kD can be found. A negative kD implies attractive interactions, whereas a 
positive kD indicates repulsive interactions in solution.37 Figure 8 shows the kD values as a 
function of ionic strength for the three proteins at pH 7.0. At low ionic strength, 15 mM, BSA is 
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highly repulsive whereas A-ChytA is significantly attractive. As ionic strength is increased to 
150 mM and 300 mM, these repulsions and attractions are diminished, and the interactions 
appear to be net neutral for both proteins. B-lgA is net neutral at pH 7.0 at high and low ionic 
strength.   
5.5 Temperature Induced Unfolding and Aggregation 
DSC scans are shown in figure 9 for both BSA and A-ChytA at pH 7.0 as a function of ionic 
strength. As the ionic strength is increased for both proteins, the unfolding temperatures increase 
towards higher temperatures indicating the conformational stability of the proteins increase as 
ionic strength is increased. Therefore it would require more energy to unfold the proteins at 
higher ionic strengths. Using these temperatures as guides to monitor unfolding and aggregation 
of the proteins by heat denaturation, figure 10 illustrates aggregation and fluorescence 
spectroscopy for BSA. The excitation wavelength, 375 nm was used to monitor aggregation due 
to light scattering occurring at the wavelength of incident light. As the temperature exceeds the 
melting temperature for BSA, the protein begins to aggregate as seen by the increase in light 
scattering (closed squares) at 376 nm. The fluorescence intensity of ANS will increase in a non-
polar environment and will shift towards lower wavelengths. Therefore, choosing a wavelength 
in the range of emission wavelengths for ANS, one can monitor the fluorescence intensity. 
Interaction between ANS and BSA initially shows a shift in the wavelength from 𝜆!"# of 500 
nm in water to a 𝜆!"# of 468 nm in the presence of BSA.  However as temperature increases, the 
intensity at 470 nm decreases (no shift) which is likely due to ANS being quenched by water.  
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6. Discussion 
6.1 Unfolding and Mechanical Stress Induced Aggregation 
After 42 hours of shaking, changes in the 𝜆!"#  were observed for A-ChytA, but not for BSA 
as seen in figure 2. The unfolding seen by the change in 𝜆!"#  of A-ChytA occurs in both 
stressed and unstressed vials, however aggregation was more significant in the vials that were 
stressed. This difference in behavior could suggest that the vials that were shaken with ANS 
increased the chances for collisions between proteins molecules. Therefore, aggregation would 
be more significant for vials that were stressed, compared to vials that weren’t.  
However further shaking studies with only A-ChytA in solution (figure 6) revealed that the 
protein aggregates to a lesser extent compared to when ANS was in the solution (figure 1). A-
ChytA is prone to aggregation even without any stress to the sample. It has been reported in the 
literature that A-ChytA (at pH 7.0) has a large dipole moment and electrostatic attractions that 
are diminished at high ionic strength conditions.39 Therefore, during the shaking studies with 
ANS (low ionic strength), electrostatic interactions between the charged probe and the protein 
may have promoted aggregation to a much higher degree than the protein would have aggregated 
alone. The evidence of electrostatic interactions can also be confirmed by the kD values measured 
at different ionic strengths. The kD is negative at low ionic strengths (15 mM) illustrating 
significant attractive protein-protein interactions. As the ionic strength of the solution is 
increased to 150 mM and 300 mM, A-ChytA attractions significantly decrease indicating that the 
attractions are electrostatic in nature. Furthermore, A-ChytA at pH 7.0 possesses a positive 
charge, whereas ANS is negatively charged in solution. This would suggest, that ANS which is 
charged in solution, facilitates an increased aggregation propensity for those stressed vials.  
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Mechanical stress studies were performed for BSA and B-lgA as well to determine 
aggregation induced by shaking. Stressing all three proteins (including A-ChytA) for 72 hours 
did not significantly impact aggregation of any of the proteins at any ionic strength.  It is worth 
mentioning that aggregates seen in DLS are biased towards the larger species and do not reflect 
quantitatively the amount of aggregates present in solution. These results only suggest that 
aggregates are present, the concentration or percent of aggregate is unknown. The results of the 
shaking studies suggest that for the proteins studied, a larger energy than that provided by 
shaking used here is required to observe unfolding and promote aggregation. Protein unfolding 
may occur at the interface for protein molecules, however in these studies unfolding at the 
interface did not lead to protein aggregation. For surface hydrophobicity to impact aggregation, 
the kD values for the proteins would have to be attractive in nature, whereas for these proteins the 
protein-protein interactions are either repulsive or attractive due to electrostatic interactions. 
6.2. Rheology Studies 
When the solution pH is equal to the isoelectric point (pI) of a protein molecule, the protein 
exhibits a low net charge.40 This allows closer contacts between molecules, which would result 
in a more rigid interface (higher G’).41 Hydrophobic interactions are significant when the charge 
on the protein is low. However as the pH moves units away from the pI, the net charge on the 
protein increases. Depending on the nature of the charge and thus the subsequent protein-protein 
interactions that can occur, the protein elastic modulus can be impacted.42 Therefore evaluating 
the surface rheology of these three proteins at different solution conditions can give insight into 
whether any interactions of proteins are occurring at the interface.  
The elastic/storage modulus (G’) which measures the rigidity of the molecule at the interface, 
is at its highest for B-lgA and BSA at pH 5.0, while the isoelectric points for the proteins are 5.1 
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and 4.9 respectively.43 Therefore, both proteins have a net neutral charge and thus the 
hydrophobic interactions are significant and the elasticity at the interface is greatest at this pH. 
However at conditions where electrostatic interactions are more substantial such as pH 7.0, the 
G’ for both proteins decrease compared to pH 5.0.  These two proteins’ elastic modulus is 
affected by solution pH, and at pH 7.0 when the charge interactions significantly govern protein-
protein interactions; hydrophobicity plays a less significant role. However, BSA, which has been 
shown to have the highest surface hydrophobicity out of molecules studied here, has the smallest 
G’ value at pH 7.0 of the three proteins. At this pH, BSA is highly repulsive shown by the 
positive kD (+21.28). Due to these repulsions at this pH, the decrease in G’ from pH 5.0 to 7.0 is 
expected. The elastic properties of BSA are highest at pH 5.0 and decrease further at pH 4.0 and 
7.0. A similar decrease is seen when authors Noskov et al study BSA using dilatation shear stress 
as a function of pH.44  
The elastic modulus for B-lgA at pH 5.0 (pH=pI) is greatest out of the conditions studied, 
with a value of about 0.13 Pa. It has been observed that B-lgA transitions through various 
molecular weight species as a function of pH.  Between pH 3.7 and 5.1, B-lgA exists as an 
octamer and dissociates to form dimers below pH 3.7 and above pH 5.1. 45,46 Further 
decreasing/increasing the pH eventually results in monomer formation. Therefore, for this 
protein, the octamer formation (gelation propensity) at pH 5.0 contributes to the high G’ 
exhibited at the interface.47 The elasticity for A-ChytA does not depend on pH, except for pH 
5.0. At this pH, the attractions and repulsions present for A-ChytA are balanced which is 
supported by previous studies of B22 values as a function of pH.39 At low ionic strength 
conditions and at pHs less than 5.25, interactions of α-Chymotrypsinogen A are highly repulsive 
and at pHs greater than 5.25 interactions are highly attractive. A-ChytA also has an asymmetric 
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charge distribution therefore at pH conditions away from pH 5.0, the uneven charge distribution 
may cause lateral interactions leading to an increase in elasticity.48  
6.3. Temperature induced aggregation 
Temperatures of the protein samples were increased as light scattering measured aggregation 
and simultaneously fluorescence spectroscopy monitored protein unfolding.  An increase in the 
extrinsic dye, ANS as well as an accompanied shift in the maximum wavelength towards lower 
wavelengths would indicate that the dye is in a more nonpolar environment. The dye and protein 
were excited at 375 nm; therefore monitoring the emission at 375 nm, which represents Raleigh 
light scattering, would be an indicator of aggregation. The larger the molecule, the more light is 
scattered. Additionally, fluorescence of ANS was studied. Any observed shift in wavelength and 
increase/decrease in intensity of ANS would indicate a structural event. However, for these three 
globular proteins, as temperature is increased, the fluorescence intensity of ANS decreases. Thus, 
to monitor the unfolding of the protein pre-aggregation or during aggregate formation is 
challenging. Furthermore as the protein is heated in solution, the scattering intensity for BSA 
increases well after the melting temperature is reached as seen by DSC. For both A-ChytA and 
B-lgA, the scattering intensity does not increase as the melting point for the two proteins is 
reached. This could be due to not enough equilibration time for the proteins to nucleate and 
aggregate. 
6.4. Relationship Between Hydrophobicity and Aggregation 
Protein molecules are amphipathic molecules, having both hydrophilic and hydrophobic 
amino acids on the surface exposed to the solvent. The spontaneous adsorption of protein 
molecules to the air/water interface is described by the following equation, 49,50 
∆𝐺!"# = ∆𝐻!"# − 𝑇∆𝑆!"# < 0 
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Where, ∆𝑆!"#, ∆𝐻!"# and ∆𝐺!"# are the changes in entropy, enthalpy and the free energy 
upon adsorption, and T is the temperature. The driving force for adsorption to the interface is an 
increase in entropy resulting from structured water molecules surrounding nonpolar amino acids 
located on the protein surface. However, depending on the conformational stability of a protein 
in solution and at the interface, the partially unfolded protein adsorbed to the interface will also 
result in a gain of entropy for the surrounding water molecules, decreasing the free energy of the 
system.  Renewal of the molecules at the interface through shaking or stirring, can allow these 
unfolded proteins to diffuse into the bulk creating an unfavorable system. However, in such 
cases, in order to minimize free energy the unfolded protein will form aggregates in solution.50  
Surface hydrophobicity measurements were discussed for the three proteins in the previous 
chapter (chapter 3). In this chapter, studies were carried out to determine if the hydrophobicity 
results have any bearing on aggregation. If the nonpolar amino acids on the surface were 
accessible to interact and self-associate in solution, surface hydrophobicity measurements would 
be reliable. However the conformational stability of the proteins studied here were not altered 
enough to promote denaturation and aggregation in solution. Solutions conditions can often 
impact and alter the conformational stability 50 of a protein and therefore the surface 
hydrophobicity measurements become invalid. In addition, solution conditions are often 
manipulated for the specific technique and therefore cannot always be a reliable measurement at 
the intended formulation condition. 
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7. Conclusion 
While surface hydrophobicity might be a contributing force to adsorption at the interface, 
experiments carried out in this chapter could not establish whether surface hydrophobicity 
facilitates aggregation to a great extent. Of the three proteins, BSA was the most hydrophobic 
protein based on HIC, Fluorescence and NMR methods (chapter 3). However, BSA showed no 
sign of aggregation induced by mechanical stress. This is plausible due to the fact, that BSA is 
very soluble in solution, had repulsive protein-protein interactions at the condition where 
mechanical stress was applied, and the lowest surface rigidity at the pH measured. For the two 
proteins that showed signs of aggregation, α-chymotrypsinogen A and β-lactogloublin A, the 
aggregation was present in the sample regardless of the stress. Furthermore, aggregation of A-
ChytA and B-lgA was most likely due to other types of interactions (electrostatic interactions in 
the case of A-ChytA). Surface hydrophobicity is not an absolute measure, and thus cannot be 
directly related to aggregation. This is partially due to the way hydrophobicity is measured, and 
the dependence of the measurement validity on solution conditions.  
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9. Figures and Tables 
 
Figure 1: Percent Scattering intensity monitoring physical stability of BSA and A-ChytA at pH 
7.0 (15 mM) during 48 hours of mechanical stress. Each sample has 50 µM of ANS in solution. 
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Figure 2: Shift in 𝝀𝒎𝒂𝒙 for BSA and A-ChytA at pH 7.0 (15 mM). Aliquots taken for 
measurement at specific time points from vials undergoing mechanical stress  
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(c)  
 
 
Figure 3: Time (a), strain (b) and frequency (c) sweeps of 1 mg/ml BSA at pH 5.0 (15 mM ionic 
strength) were monitored on a Du Nouy Ring ARG2 rheometer. The parameters G’ (solid line) 
and G’’ (dashed line) are on the y-axis. Time sweeps were performed for 0 to 60 minutes, strain 
sweeps from 0.01 to 100 % and frequency sweeps from 0.001 to 1 Hz. 
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Figure 4: Storage modulus of BSA, BlgA and A-ChytA as a function of pH 4.0, 5.0, 7.0 and 9.0. 
G’ values were taken from the 1 hour time sweep at 50.4 minutes for each protein.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.16 
pH 4 pH 5 pH7 pH 9 
G
' (
Pa
) 
A-ChytA 
BSA 
B-lgA 
	  	   97	  
 
 
Figure 5: Percent scattering intensity monitoring physical stability over 72 hours of mechanical 
stress for 1 mg/ml BSA. Solutions conditions for both stressed and unstressed vials were pH 7.0 
at 15 mM, 150 mM and 300 mM. 
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Figure 6: Percent scattering intensity monitoring physical stability over 72 hours of mechanical 
stress for 1 mg/ml A-ChytA. Solutions conditions for both stressed and unstressed vials were pH 
7.0 at 15 mM, 150 mM and 300 mM.  
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Figure 7: Percent scattering intensity monitoring physical stability over 72 hours of mechanical 
stress for 1 mg/ml B-lgA. Solutions conditions for both stressed and unstressed vials were pH 7.0 
at 15 mM and 300 mM. 
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Figure 8: Protein-protein interactions illustrated by kD of three proteins at pH 7.0 at 15 mM, 150 
mM and 300 mM ionic strengths. The error bars for BSA and B-lgA indicate standard error, and 
for A-ChytA represent standard deviation.  
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Figure 9: DSC scans of 1 mg/ml Alpha (A) and BSA (B) as a function of ionic strength at pH 
7.0. Ionic strengths used were15 mM; dotted line ( . . . ), 150 mM; solid line ( ____) and 300 mM; 
dashed line (- - -). Runs were made in duplicates.  
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Figure 10: Aggregation (376 nm) and unfolding (470 nm) of BSA measured on a fluorescence 
spectroflourometer at pH 7.0 (15 mM ionic strength).  
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Chapter 5 
 
Physical Stability of Monoclonal Antibodies: Investigating the Link Between Protein 
Surface Hydrophobicity and Aggregation 
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1. Abstract 
In this study the surface hydrophobicity of three antibodies was measured by Nuclear 
Magnetic Resonance, Hydrophobic Interaction Chromatography and fluorescence spectroscopy. 
Antibody solutions at pH 7.0 (15 mM and 300 mM) were stressed via mechanical stress for 
seven days and aggregates were measured by size exclusion chromatography (SE-HPLC). 
Consequently, the surface hydrophobicity did not impact nor influence the aggregation 
propensity of these antibodies. Measuring unfolding and aggregation as a function of 
temperature was monitored by fluorescence spectroscopy with an extrinsic dye, ANS. These 
results indicate that small structural changes may be present in the antibody solutions; however, 
large unfolding events must occur to promote aggregation. Further aggregation studies of mAb Y 
suggest that a combined thermal and shaking stress, impacts the conformational stability and 
causes aggregation to a greater degree. The influence of aromatic excipients, tryptophan, 
phenylalanine, and phenol, on the attractive protein-protein interactions of mAb X was 
monitored by DLS, however this study showed no significant decrease in the protein-protein 
interactions.   
 
 
 
 
Keywords: Hydrophobicity; Protein Aggregation; Protein Unfolding; Fluorescence 
Spectroscopy; Monoclonal Antibodies 
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2. Introduction 
Aggregation is a major physical stability issue amongst monoclonal antibody therapeutics and 
is a critical concern in developing safe and stable protein liquid formulations.1-4 Developing 
methods to predict aggregation in the initial screenings of the formulation process would be 
beneficial to detect problematic antibodies in the early stages of product development.5 One type 
of interaction that is identified as being a major contributor to aggregation is hydrophobicity.6,7 
However, recent advances in experimentally relating hydrophobicity of protein molecules to 
aggregation prove to be unsuccessful.  
The hydrophobicity of a protein affects stability in two ways. Initially, when a protein folds 
into its native state, the driving force is the hydrophobic effect. This effect is due to the 
unfavorable change in free energy resulting from the decrease in entropy due to lack of 
interaction between nonpolar amino acids and water. Therefore, most nonpolar amino acids will 
bury themselves within the core of the protein, increasing entropy of water and decreasing free 
energy, which results in the native, folded structure of the protein.8 However, once the protein is 
folded into its native structure, a portion of the nonpolar amino acids are not buried within the 
core, but are exposed on the protein surface.9,10 It has been suggested that these solvent 
accessible nonpolar amino acids contribute to hydrophobic protein-protein interactions leading to 
stability issues of the protein formulation such as aggregation and self-association. 11,12 
Although it has been hypothesized that hydrophobic interactions are one of the major causes 
in protein aggregation, obtaining a hydrophobic measurement for a protein can be done a 
multitude of ways. Measuring hydrophobicity, either theoretically by the primary amino acid 
sequence or by experimental methods to determine the surface hydrophobicity can give a vast 
difference in the hydrophobicity value obtained and therefore relating to stability issues like 
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aggregation can be difficult.13-15 In a publication by Shieh et al, the authors try to correlate 
aggregation induced by the air/water interface to properties including surface pressure, surface 
excess and hydrophobicity.16 Hydrophobicity was measured by two ways; hydrophobic 
interaction chromatography (HIC) and theoretical calculation of the amino acid sequence. It was 
concluded that there was no correlation between aggregation-prone antibodies and theoretical 
hydrophobicity but some correlation could be drawn from the experiments measured by HIC. 
However, HIC falsely predicted the stability for three of the antibodies. Accordingly, predicting 
aggregation by this hydrophobicity method proved to be unsuccessful.  
Another literature report used computer modeling, Spatial Aggregation propensity (SAP) to 
predict hydrophobic-prone areas of monoclonal antibodies that could promote aggregation.17-20 
These studies suggest that the aggregation-prone areas are on the protein surface, however 
aggregation is induced and stability is measured at high temperatures. High temperatures unfold 
the protein, exposing hydrophobic amino acids that were previously buried. Thus the “hot spots” 
that were predicted by the model and contribute to the measured hydrophobicity do not fully 
contribute to aggregation by partial or full denaturation of the protein. Determining if surface 
hydrophobicity of a protein can be related to the stability and aggregation of a protein in solution 
continues to be an issue.   
In this study, three monoclonal antibodies (mAb X, mAb Y, and mAb Z) were characterized 
by multiple methods to measure and compare their surface hydrophobicity. Aggregation was 
measured at several time points immediately following a stress induced by shaking, heating or 
both to monitor the physical stability of each antibody. Protein-protein interactions were also 
measured to elucidate the type of amino acids contributing to attractions in solution by the 
addition of aromatic excipients.  
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3. Materials and Methods 
3.1. Materials 
Proteins X, Y and Z are all monoclonal antibodies with a molecular weight of 150 KD and 
with absorptivities (mg*mL*cm-1) of 1.4, 1.73 and 1.45, respectively. To achieve the desired pH 
for each antibody, the stock solutions were buffer exchanged using Amicon Centrifuge units (10 
kD cutoff). Each protein solution was filtered using a 0.22 µM syringe filter. All studies were 
performed with a sample size of three (n = 3) or greater unless stated otherwise.  
3.2. Methods 
3.2.1. Fluorescence Spectroscopy 
Fluorescence measurements were performed using Photon Technology International (PTI) 
TimeMaster TM TM-200 LED lifetime strobe spectofluorometer (Birmingham NJ). Heating 
studies were conducted using a temperature control device from Quantum Northwest, Model TC-
125, (Spokane WA). Temperatures were chosen based on the unfolding and melting 
temperatures seen by differential scanning calorimetry measurements (DSC). Concentrations of 
antibody and ANS were constant at 0.5 mg/mL and 50 µM, respectively. The excitation 
wavelength was chosen based on the excitation of the extrinsic dye, ANS, to be 375 nm with an 
emission scanning from 350 nm to 650 nm at a speed of 2 nm/sec. A total of 4 scans were taken 
for each temperature, with a temperature ramp of 1 °C/min with a 120 equilibration at the 
temperature chosen. 150 µL of each protein was placed in sample cuvette. The excitation and 
emission slit width was set to 0.5 mm.  
For additional heating studies with mAb Y, 250 µL of 0.5 mg/ml protein were filled in 1.8 mL 
glass vials. Samples were heated to 65 °C in an oven for one hour. Stressed vials were placed on 
a Vortex (Fisher Vortex Genie 2) at a dial speed of 5 (out of 8) for five continuous minutes. 
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Samples were held for 15 minutes to allow bubbles to settle and a 70 µL aliquot from the vial 
was taken for scattering measurement. 9 µL of a 1 mM ANS stock solution was added to the vial 
(final ANS concentration of 48 uM), stored in a dark place until measurement. The settings on 
the fluorescence spectrofluorometer were identical to above measurements. 
For initial slope measurements, experiments were conducted similarly to previous methods 
(Ch. 3). 1 mg/ml stock solutions of each antibody were diluted prior to experiments and 
concentration was checked using SoloVPE. Subsequent concentrations were diluted from 1.0 
mg/ml stock.  
3.2.2. Hydrophobic Interaction Chromatography 
HIC experiments were conducted similarly to previous methods (Ch. 3). A butyl HP and 
phenyl HP column was used. Buffer conditions were maintained at pH 7.0. Stock solutions of 
proteins were buffer exchanged in pH 7.0, 15 mM ionic strength phosphate buffer. Samples were 
then diluted to 1.0 mg/ml with pH 7.0 20 mM ionic strength phosphate buffer and filtered before 
placed in a HPLC vial to be injected in to the HIC columns. The column was equilibrated prior 
to injection with a 1.0 M ammonium sulfate pH 7.0 sodium phosphate buffer until a stable 
baseline was reached. 100 µL of each protein was injected into the column at 100% 1.0 M 
ammonium sulfate. A 30-minute linear gradient was used to elute the protein off the column 
from 100% to 0% ammonium sulfate. At the end of the 30 minutes, the column continued to run 
in 20 mM sodium phosphate buffer until the protein eluted off the column entirely and the signal 
returned to baseline.  
3.2.3. Nuclear Magnetic Resonance: Transverse Relaxation Time Measurements 
All proteins were buffer-exchanged in a pH 7.0, 15 mM ionic strength (8.5mM buffer 
strength) sodium phosphate buffer to maintain a pH 7.0 ± 0.5. At the pH desired, proteins were 
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again buffer exchanged in a pH 7.0 D2O buffer until about 90-95% D2O was achieved. 
Concentration of each protein was measured using SoloVPE, and filtered. Solutions were flushed 
with nitrogen gas prior to filling the NMR tube. Protein-to-Probe ratio was set at 1:100 and all 
samples were made 24 hours prior to experiment. Samples were placed in a WGS5BL NMR tube 
(Wilmad-Lab glass) and DSS was used as the reference peak. All experimental setup was similar 
to the previous method except for the Big Tau set. For these experiments the Big Tau values 
were set to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.2, 2.0, 3.0, 4.0, 8.0, 12.0 and 20.0. 
3.2.4. Dynamic Light Scattering 
12 mg/ml stock solutions of each protein were prepared, and filtered. Concentrations were 
diluted to 10 mg/ml – 2 mg/ml and were performed in triplicates. Accurate concentrations were 
checked after light scattering experiments using SoloVPE. Diffusion coefficients were plotted 
versus protein concentration and the kD was calculated for each condition as explained 
previously in Chapter 4.  
3.2.5. Mechanical Stress (Shaking) of Antibodies at 25 °C ± 2.0°C 
All 5 mg/ml antibody solutions (pH 7.0 and ionic strength 15 mM) were shaken using an 11 x 
13 inch Excella E2 platform shaker (New Brunswick Scientific). 10 mL of each protein solution 
was filtered and checked for concentration prior to the start of each experiment. 1.0 mL of the 
filtered protein solutions from the 10 mL stock was filled into 1.8 mL glass vials with 9 mm 
screw thread caps (Fisherbrand) to ensure identical concentration for stressed and unstressed 
vials. The solutions were shaken at 200 rpm for a period of 5 and 8 days. Three vials for each 
time point were placed on the shaker, including an additional three vials left at the same 
temperature but not stressed to act as a control. After the shaking period, the solutions were 
placed into a 2 mL Eppendorf tube.  
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Three separate aliquots were taken from the 2 mL Eppendorf tube and checked for insoluble 
aggregates using the Malvern Zetasizer. The rest of the sample was diluted 1:5 times with the 
appropriate buffer (pH 7.0,15 mM ionic strength) into a 1.5 mL Eppendorf tube and spun at 
10,000 rpm for 15 minutes using the Eppendorf minispin to be analyzed for SE-HPLC for 
soluble aggregates.  
3.2.6. Size Exclusion High-Performance Liquid Chromatography 
Before stressing the samples, the protein solution was tested for insoluble and soluble 
aggregates. DLS was used to assess insoluble aggregates. For the purpose of soluble aggregates, 
SE-HPLC with an inline UV detector set to 280 nm was used. A sodium phosphate buffer (pH 
7.0, 20 mM and ionic strength adjusted with sodium sulfate to 200 mM) was used as the mobile 
phase. A 7.8 mm inner diameter by 30 cm, TSKgel G3000SW XL, Column # Y02981-08S 
(TOSOH Bioscience, LCC, Japan) was used with an isocratic flow rate of 1.0 mL/min with a 30 
µL volume injection. Each vial was injected twice and each time point had three vials.  
After dilution and centrifugation of the stressed vials, each sample was injected into the 
column and analyzed using Peak Simple software 3.88 (SRI Instruments, Torrance, CA).  
3.2.7. Differential Scanning Calorimetry 
DSC experiments were performed on a nano-DSC (TA instruments) to determine Tm and 
onset of unfolding for each antibody in pH 7.0 sodium phosphate buffer at 15 mM ionic strength. 
1.0 mg/ml of each protein sample was filtered and checked for correct concentration prior to 
experiment. Each sample was run at a scan rate of 1°C/min from 45 °C to 115 °C with a pre-scan 
equilibration time of 600 seconds. The corresponding buffer was also run at the same conditions 
for baseline subtraction. The thermal scans were analyzed and baseline subtracted using the 
Nano Analyze software.  
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4. Results and Discussion 
4.1. Hydrophobicity Characterization 
To investigate the impact of surface hydrophobicity on stability, the surface hydrophobicity of 
three monoclonal antibodies was determined using fluorescence spectroscopy, HIC and NMR. 
These methods were established in Chapter 2.  
Fluorescence spectroscopy using ANS as an extrinsic dye was performed and the initial slopes 
measured are shown in table 1. MAb Z has the lowest slope of the three antibodies meaning the 
fluorescence intensity does not overwhelmingly increase or shift in wavelength different than 
from ANS in water. MAb X has the largest slope of the three proteins. However the values for 
the three proteins are relatively low, meaning there is not a significant interaction between ANS 
and these antibodies.21 
HIC data is shown in Figure 1(a) and 1(b), representing a phenyl column in the former and a 
butyl column in the latter. The protein that exhibits the least hydrophobicity will elute off the 
column at an earlier retention time.22 In both columns it can be seen that mAb Z elutes off the 
column first, making it the least hydrophobic independent of the type of column used. The order 
of elution for the three antibodies does not change by the change in column, however the sharper 
peaks on the phenyl column for all the mAbs are indicative of the phenyl column holding 
stronger interactions of the two. MAb Y has a very subtle and hardly noticeable peak on the 
butyl column, however has a small yet distinguishable peak on the phenyl column showing that 
the phenyl column compared to the butyl column has a stronger interaction between proteins. 
From the results above, it is difficult to assess which of the two proteins, mAb X and Y, is more 
hydrophobic because there isn’t a clear difference in retention times.  
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The NMR results, using tert-butyl alcohol, as the small molecule probe is shown in figure 2. 
A decrease in the T2 relaxation time of the (protein + probe) compared to the T2 of the probe 
alone indicates an interaction between the probe and protein.23,24 It can be seen that there is no 
decrease in the T2 relaxation time for tert-butyl alcohol when combined with any of the three 
proteins. Figure 3 shows the percent change for each antibody with the corresponding phenol 
relaxation time measured the same day to account for day-to-day variations in the relaxation time 
of phenol (no variations seen with tert-butyl alcohol). The raw data for each T2 relaxation 
experiments are reported in Table 2. The phenol data shows that there is a less percent change for 
mAb Z than for both mAb Y and mAb X, consistent with previous results found from HIC and 
fluorescence spectroscopy. Mab Z, which shows the lowest S0 value, elutes off both columns 
first in HIC, also illustrates the least amount of change/interaction in the phenol relaxation data. 
Therefore mAb Z is the least hydrophobic antibody. However, it is still unclear to distinguish the 
hydrophobicity difference between the two most hydrophobic antibodies, mAb X and Y. 
4.2. Physical Stability of MAb X, Y and Z 
4.2.1. Effect of Ionic Strength on the Interaction Parameter (kD) 
Understanding the extent to which surface hydrophobicity affects stability is explored further 
by mechanical stress (shaking) at low and high ionic strength conditions. However, first using 
Dynamic Light Scattering (DLS) to measure protein-protein interactions in dilute solutions at 
these same conditions can provide insight into the type of solute-solute interactions that are 
significant at these solution conditions. A negative kD value indicates attractive interactions, 
which become significant at short distances and may be a result of hydrophobic, specific charge 
or Van der Waals (dipole) interactions. Whereas a positive kD results from repulsive interactions 
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and are dominant at long distances between solute molecules. These are a result of electrostatic, 
charge-charge and steric interactions.25  
Figure 4 shows kD values as a function of ionic strength for all antibodies at pH 7.0. 
These results illustrate that mAb Y may have significant hydrophobic interactions at high ionic 
strength conditions. This is observed by the kD values for mAb Y becoming more negative, 
increasing from -21.8 mL/g  (15 mM) to -25.45 mL/g  (300 mM), indicating an increase in 
attractive interactions. When attractions become more dominant as charges on the protein are 
screened, it can suggest that hydrophobic interactions may be governing the protein-protein 
attractive interactions in solution. These protein-protein interactions can give additional insight 
into the behavior of the protein on the HIC column. For mAb Y, the protein-protein interactions 
are strong attractions throughout the ionic strength range tested; therefore elution of mAb Y off 
the HIC column, which is performed at high ionic strength (much higher than tested here), is a 
slow broad peak.  
The opposite trend is true for mAb X, where electrostatic interactions govern the attractive 
protein-protein interactions. At 300 mM, mAb X has slight repulsive interactions, however as the 
ionic strength is reduced, the attractions are increased significantly. These increased attractions 
indicate that electrostatic interactions are dominant at low ionic strength and as charges are 
screened, attractive interactions decrease.25-28 However the difference between mAb X and mAb 
Y, is that mAb X’s attractions are due to electrostatic interactions, although it elutes last, there is 
still a sharp protein peak on the chromatogram. This would aid in the protein eluting off the HIC 
column, although the antibody still has hydrophobic patches on the surface seen by a strong 
interaction between the HIC column and the protein.  
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 Whereas, mAb Z’s  kD values are only slightly negative (less than -5.34 mL/g)25 at high 
ionic strengths indicating slight repulsions and kD values are neutral at low ionic strength 
conditions. Thus, during the removal of salt from the HIC column, the protein is actually slightly 
repulsive and elutes off the column easily.  
4.2.2. Aggregation of MAb X, Y and Z under Mechanical Shaking Stress 
The effect of mechanical stress as a function of time is shown in figures 5 and 6. Percent 
aggregates by Size Exclusion Chromatography (SEC) and DLS were monitored at two separate 
ionic strength conditions. MAb Y, which exhibits hydrophobic attractions at high ionic strength, 
does not show any increased aggregation. The hydrophobicity of this antibody does not seem to 
have a significant impact or influence on the tendency to aggregate through shaking stress.  For 
low and high ionic strength conditions, percent aggregates and DLS scattering intensity (data not 
shown) showed no change from the initial time point over the course of the shaking stress for 
any of the three proteins. This indicates that although the nonpolar surfaces of a protein may be 
more favorable for protein-protein and protein-interface interactions, these studies suggest that 
the surface hydrophobicity does not influence aggregation to a significant extent.  
Shieh et al. studied the ability to predict the agitation-induced aggregation of monoclonal 
antibodies using surface tensiometry. As mentioned earlier, neither hydrophobicity measured by 
HIC nor the average hydrophobicity calculated were good predictors of the aggregation induced 
by mechanical stress for the 16 monoclonal antibodies measured. Although hydrophobicity was 
not a good predictor of aggregation, out of the 16 antibodies, there were proteins that did show 
aggregates through turbidity and SEC measurements.16 Another example shows the effect of 
varying vial type and size, fill height, and speed for shaking studies performed on three antibody 
formulations.29 The results found that the antibodies that were shaken at top speed, 200 rpm, with 
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a 1.0 mL fill in a 2.0 mL vial aggregated in the least amount of time required. One reason may be 
that the shaking study methods used in the literature placed the vials horizontally, while the 
antibodies in this study were shaken vertical to ensure that additional influences did not 
contribute to aggregation such as the interaction between the vial cap and solution. The vertical 
shaking may not have as large of an interface compared to the horizontal shaking, however, to 
differentiate between the different variables that arise due to horizontally placing the vials (vial + 
cap interaction) may introduce complications in regard to the specific type of interaction causing 
aggregation. For the antibodies studied here, the surface hydrophobicity did not impact or 
successfully predict aggregation caused by mechanical stress in solution.   
4.2.3. Aggregation of MAb-X, Y and Z under Thermal Stress 
Surface hydrophobicity of proteins is the result of the nonpolar amino acids that remain the on 
the protein surface after most of the hydrophobic amino acids are folded within the core. Since 
the surface hydrophobicity of these antibodies had little affect on their aggregation stability, 
thermal stress was used to determine if the nonpolar amino acids that are exposed after the 
protein starts to unfold govern aggregation.    
Differential scanning Calorimetry (DSC) scans were performed for each antibody to 
determine both the onset of unfolding and the melting temperatures (Tm1 and Tm2), which are 
shown in Figure 7. From the DSC scans, temperatures were chosen to monitor unfolding while 
observing aggregation by light scattering within the same scan.  
Figures 8 (a-c) show the changes in light scattering at the wavelength of excitation 375 nm 
(primary axis) as well as monitoring the changes in wavelength of maximum fluorescence 
intensity (secondary axis) for the three antibodies. The full scans can be seen in the appendix 
(A5), which show that with the shift in maximum fluorescence, there is also an increase in 
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fluorescence intensity as the temperature is increased. Both mAb X and Z show a change in the 
fluorescence maximum wavelength around 60 °C for X and 65 °C for Z; close to the unfolding 
temperature seen by the DSC scans. However at these temperatures, aggregation has not yet 
begun seen by the consistent intensity in light scattering compared to lower temperatures. Once 
enough of the protein is unfolded, aggregation can be seen by an increase in the light scattering. 
However, mAb Y behaves slightly different out of the three proteins. There is a shift towards 
higher wavelengths (slight decrease in intensity) at 50 °C, significantly before the proteins onset 
of unfolding and thus indicating ANS is in a more polar environment. However as the 
temperature continues to increase, the environment of ANS changes to a nonpolar environment 
again as seen by the shift towards lower wavelengths and an increase in fluorescence intensity.   
It can be inferred from the heating studies that unfolding occurs prior to aggregation, and 
aggregation only begins when a substantial amount of protein has partially unfolded.6,30 This 
follows the general mechanism of protein aggregation described by the Lumry-Eyring model in 
the equation below.31,32  𝑁 ⇌ 𝑈 → 𝐹 
Where N is the native state of the protein and is in equilibrium with the unfolded/denatured 
state, U. These unfolded proteins can form a final state, F and form irreversible aggregates in 
solution. Therefore the unfolding temperatures, seen by the DSC scans, can predict aggregation 
at the high temperatures studied. However, to extrapolate these results to lower temperatures will 
not give reliable information on how the proteins will behave in solution at room temperature.  
 Further studies were performed with mAb Y to illustrate that at high temperatures the 
probability of aggregation increases as more energy (mechanical stress) is applied. Figure 9 show 
that the samples at 25 °C and 65 °C without any applied stress exhibit no aggregation. However, 
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after applying vortex to the vials at those same conditions, more aggregates were found in the 
65°C vials than in the 25 °C. The onset of unfolding for mAb Y is 69 °C illustrated by DSC 
(figure 7) scans. Therefore, slightly before the onset of unfolding there is a shift in the 
equilibrium favoring the denatured state, thus once additional stress is supplied in the form of 
vortex, aggregation increased dramatically. However this does not hold true during all structural 
events of a protein.  
MAb Y also goes through a structural perturbation around 50-55 °C (as mentioned earlier) 
and similar heating and vortex studies were performed (data no shown) at these conditions, 25°C 
and 55 °C (unstressed and vortexed). However the protein did not show any aggregation after the 
stress was applied following heating the protein at 55 °C. Thus, indicating there were not enough 
proteins with a large enough free energy towards the unfolded/denatured state to generate 
aggregation.  
The shift in wavelength of maximum fluorescence was also observed for the stressed and 
unstressed vials as a function of temperature. Figure 9 illustrates the total shift in maximum 
wavelength on the secondary y-axis. ANS fluorescence shifts towards lower wavelengths, which 
indicates that ANS is in a more nonpolar environment. There is a more pronounced shift for the 
vials at 65 °C, going from 496 nm (unstressed) to 488 nm (stressed), whereas the vials at 25 °C 
only shift by 4 nm.  
4.3. Effect of Aromatic Molecules on Protein-Protein Interactions of MAb-X 
4.3.1. Protein-Protein Interactions after the Addition of Aromatic Molecules 
To try and illustrate the difference between types of aromatic hydrophobic interactions, 
several amino acids were studied to determine if there is an effect on the kD values of mAb X at 
chosen pH values and ionic strength conditions. Solutions conditions were explored for mAb X 
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to determine conditions where hydrophobic interactions may be the significant contributor to 
attractive interactions. The kD studies in figure 10 suggest that at pH 5.0 and 5.5, as ionic 
strength is increased, attractive interactions decreased indicating electrostatic interactions are 
dominant. However as the salt concentration is increased at pH 4.5, attractive interactions 
increased suggesting that hydrophobic interactions may be significant at these conditions.  
Once the pH and ionic strength where hydrophobicity may be dominate was seen, amino acids 
were chosen based on their aromatic structure to determine if these aromatic interactions could 
decrease attractions in solution. Figure 11 illustrates the kD of mAb X alone and with the 
addition of excipients such as phenylalanine, tryptophan, and phenol. Phenol, analogous to 
tyrosine, was chosen due to its increased solubility over tyrosine in water. Although π-π 
interactions are much stronger in protein solutions,33,34 there seemed to be no detectable decrease 
in attractions as the excipients were added. One reason for the lack of decrease in kD values after 
the addition of amino acids could be explained by the low solubility of these amino acids, 
especially the capped amino acids. Due to the low solubility, there may have not been enough 
excipient in solution to interact with protein molecules and cause a decrease in the attractive 
interactions.  The only change came from a high concentration of phenol, where the attractions 
actually increased rather than decreased. This can be explained by the fact that phenol can 
denature proteins at high concentrations as it is used for DNA extractions and is used as a 
preservative in multi-dose protein formulations.35,36 Therefore this may not be the appropriate 
measure to determine if specific amino acids, such as tryptophan and phenylalanine are 
responsible for attractive hydrophobic interactions between proteins in solution. Further studies 
to identify the difference in aromatic and aliphatic hydrophobic interactions would need to be 
explored.      
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5. Conclusion 
Three methods to measure surface hydrophobicity were studied: HIC, fluorescence spectroscopy, 
and NMR. Despite the general consensus, the measured surface hydrophobicity had little effect 
on protein aggregation. Antibodies X and Y, which were relatively more hydrophobic than mAb 
Z, showed no difference in protein aggregation.  However, as the conformational stability of the 
protein was compromised, aggregation was observed. Thus, using a proteins surface 
hydrophobicity value to determine aggregation behavior is not always reliable. Both the surface 
hydrophobicity and the average hydrophobicity will contribute to aggregation depending on the 
specific manufacturing and processing parameters used during the drug product cycle.  
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7. Figures and Tables 
 
Table1: Fluorescence spectroscopy initial slope measurements of three antibodies using ANS as 
the extrinsic dye 
 
Protein Slope (So) 
MAb X 7.40 
MAb Y 5.68 
MAb Z 2.53 
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(A)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(B) 
 
 
 
 
 
 
 
 
 
 
Figure 1: Surface hydrophobicity determined by hydrophobic interaction chromatography (HIC) 
for mAb X, mAb Y and mAb Z at 25 °C on a phenyl column (A) and butyl column (B).  
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Figure 2: T2 relaxation times for tert-butyl alone and at a 1:100 protein to tert-butyl ratio for 
mAb X, mAb Y and mAb Z. Samples contain about 90% D2O pH 7.0 buffer for water 
suppression. For each sample, the error is standard deviation (n = 3) except for mAb X, which is 
standard error (n = 2).  
 
  
2.00 
2.20 
2.40 
2.60 
2.80 
tert-Butyl MAb Z MAb Y MAb X 
T 2
 (s
ec
) 
	  	   127	  
 
Figure 3: Percent change for each antibody with phenol at a ratio of 1:100. The percent change 
in T2 = 100*(T2f-T2obs)/T2f where T2f is the relaxation time of the free probe obtained and the 
T2observed is the relaxation time of the probe with the antibody. For MAb Z and X the error is 
standard deviation (n = 3) and standard error (n = 2) for MAb Y. The buffer conditions were pH 
7.0 sodium phosphate buffer (15mM ionic strength) with approximately 90% D2O.  
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Table 2: NMR T2 relaxation times for phenol at a Ratio of 1:100, protein to probe. All T2 
relaxation times are in seconds.  
 
 
 
 
  
 
Phenol MAb Z MAb X 
 
Phenol MAb Y 
T2 
5.379 ± 
0.1846 
3.56 ± 
0.08153 
2.578 ± 
0.04505 
 
5.415 ± 
0.1788 
2.48 ± 
0.05928 
5.431 ± 
0.077 
3.627 
±0.08383 
2.609 ± 
0.05149 
 
5.297 ± 
0.1451 
2.479 ± 
0.06505 
5.415 ± 
0.1788 
3.561 ± 
0.06785 
2.705 ± 
0.06593 
   
 
T2 
(DSS) 
 
 
3.086 ± 
0.0299 
3.097 ± 
0.02466 
3.11 ± 
0.02839 
 
3.211 ± 
0.02121 
3.196 ± 
0.01881 
3.125 ± 
0.01491 
3.107 ± 
0.0216 
3.13 ± 
0.02802 
 
3.161 ± 
0.01669 
3.18 ± 
0.02314 
3.211 ± 
0.02121 
3.16 ± 
0.01943 
3.201 ± 
0.02205 
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Figure 4: Plot of kD obtained from Dynamic Light Scattering studies at pH 7.0 at two ionic 
strengths, 15 mM and 300 mM, adjusted by addition of NaCl.  All solutions were analyzed in 
triplicate. 
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Figure 5: Effect of shaking stress was monitored as a function of time at pH 7.0 (15 mM ionic 
strength due to buffer). 5 mg/ml samples were shaken for a total of 8 days. At each time point, 
the sample was diluted and analyzed for percent aggregates by SEC at 25 °C. Unstressed 
samples were analyzed as controls held at the same room temperature. Error bars are standard 
deviations (n = 3). 
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Figure 6: Effect of shaking stress was monitored as a function of time at pH 7.0 (300 mM ionic 
strength added by NaCl). 5 mg/ml samples were shaken for a total of 8 days. At each time point, 
the sample was diluted and analyzed for percent aggregates by SEC at 25 °C. Unstressed 
samples were analyzed as controls held at the same room temperature. Error bars are standard 
deviations (n = 3). 
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Protein Onset of 
unfolding 
Tm1 Tm2 
MAb X 59.5 68.7 84.01 
MAb Y 69.0 73.2 86.3 
MAb Z 69.0 73.4 85.4 
  
Figure 7: Unfolding and melting temperatures of the three antibodies obtained and analyzed by 
DSC. Scans were performed in duplicate. 
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(C) 
 
Figure 8: Plot of scattering intensity at 376 nm (primary axis – solid line/open circles) and 
maximum wavelength (secondary axis – dotted line/filled squares) as a function of temperature. 
All measurements were performed in triplicate. (A) represents MAb Y, (B) MAb Z and (C) MAb 
X.  
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Figure 9: The aggregation propensity of MAb Y was monitored at two temperatures and the 
effect of mechanical stress (vortex) was observed. The scattering intensity (primary y-axis) given 
by the bar graphs indicates aggregates formed in solution. The shaded and non-shaded bars 
represent unstressed and stressed samples, respectively. The shift if maximum fluorescence 
intensity (secondary y-axis, (X) symbols) is the change in the wavelength of maximum 
fluorescence of ANS. The line is only a guide. Error bars are standard deviation (n = 4). 
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Figure 10: Plot of kD as a function of pH while varying ionic strength for MAb X. Error bars are 
standard deviation (n = 3).  
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Figure 11: Plot of kD obtained for mAb X at pH 4.5 and 150mM ionic strength. Each bar 
represents the kD obtained after the addition of excipients with aromatic moieties to the protein 
solutions. Measurements were performed in duplicate.  
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Chapter 6 
 
Summary 
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6.1. Summary and Conclusions 
Maintaining safe and stable protein therapeutic formulations continues to be a 
relevant area of research in the pharmaceutical field. A thorough understanding of protein 
aggregation, specifically predicting proteins that are prone to aggregation has become 
important in the formulation design. A substantial amount of research regarding certain 
factors and solution conditions that cause aggregation has led to an understanding of 
approaches to prevent aggregates or to be cautious of during formulation. Although 
managing risk is important, understanding the underlying interactions that contribute to 
aggregation of protein molecules is equally as significant during early stages of 
formulation and development.  
 Hydrophobic interactions, whether those that are buried and can be solvent 
accessible depending on structural changes, or those that remain on the surface after a 
protein has folded, can both contribute to association and aggregation of protein 
molecules in solution. Methods measuring hydrophobic interactions lack consistency and 
are influenced by solutions conditions. Consequently, the main scope of this work was to 
measure surface hydrophobicity without the influence of solution conditions, and to 
determine the relationship of hydrophobicity to aggregation promoted either by structural 
changes or hydrophobic patches on the protein surface of both known model proteins and 
unknown monoclonal antibodies.    
Differences in aromatic and aliphatic hydrophobic interactions were identified using 
multiple techniques, including a novel method using NMR. Measuring hydrophobicity by 
HIC using both a butyl and phenyl column showed that there are stronger interactions on 
the phenyl column, highlighting the significance of π - π interactions. Using NMR, the 
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transverse relaxation time, T2 was measured for different small molecules. The degree of 
decrease in the transverse relaxation time of the probe is due to the interaction with each 
protein. It was found that phenol showed the most promise as being a successful probe to 
measure the difference in protein surface hydrophobicity. These studies suggest that 
using a multi-method approach gave added insight into the type of hydrophobic 
interaction between two proteins and a well-defined representation of the surface 
hydrophobicity.  
Additionally, it is known that the hydrophobicity of a protein contributes to the 
adsorption of proteins at the air/water interface. The relationship between the surface 
hydrophobicity of proteins and how it influenced lateral interactions at the interface was 
investigated by interfacial rheology studies. It was found from these studies, that the 
effect of pH influenced elasticity (G’) and rigidity at the surface, whereas surface 
hydrophobicity played a small role. The model proteins were also stressed via shaking 
stress to facilitate aggregation, however surface hydrophobic interactions had no impact 
on aggregation, whereas, electrostatic interactions contributed to aggregation in both A-
ChytA and B-lgA.  
Lastly, this work investigated hydrophobicity and aggregation by performing a 
comprehensive study from characterization of unknown protein molecules to assessing 
the physical stability of these antibodies in solution. The hydrophobicity of monoclonal 
antibodies was characterized and the influence of hydrophobicity in protein aggregation 
was investigated. The antibodies were stressed by both mechanical (shaking) and thermal 
stresses, and aggregation as well as unfolding was monitored at different solution 
parameters. The effect of ionic strength or hydrophobicity of the proteins did not 
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influence aggregation induced by shaking. Consequently, heating the antibodies followed 
the general aggregation mechanism, where a protein first unfolds and then begins to 
aggregate in solution. As more energy was applied to the monoclonal antibodies by 
combining thermal and mechanical stresses, an increased tendency to aggregate was 
observed. Moreover, the results suggest that the surface hydrophobicity measurements 
alone cannot be used to predict the degree of aggregation for a protein molecule. It is 
shown that a combination of both surface and average hydrophobicity influences the 
physical stability of a protein. These results further imply the significance of 
understanding the role of surface hydrophobicity measurements in regards to aggregation 
especially for early protein screening during formulation and development.  
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Table A3 - 1: Small Probes 
Protein 
Probe 
Alone BSA A-ChytA B-LgA
Tert-butyl alcohol 2.32±0.01 1.84±0.01C 2.47±0.03C 2.31±0.02C
1-butanol 2.69±0.06 0.71±0.05 2.74±0.01A 2.74±0.10A 
1-propanol 3.32±0.04 1.33±0.03 3.41±0.03A 3.25±0.01A 
Phenol 5.16±0.03 0.16±0.01 4.60±0.07 4.21±0.04 
All T2 values are presented in seconds. Tert-butyl alcohol, 1-butanol and 1-propanol represent 
aliphatic probes (light grey) and phenol represents the sole aromatic probe (dark grey). The errors 
for the T2 values are related to data acquisition and processing (same sample is evaluated 
multiple times), which shows the accuracy of determining the T2. This error does not take into 
account error associated with sample preparation. All protein:probe samples were prepared at a 
1:50 ratio (30 µM protein : 1.5 mM probe). 3 mM concentrations for tert-butyl alcohol and 
phenol were used to evaluate T2 values in the absence of protein, and 6 mM concentrations were 
used for 1-butanol and 1-propanol. A This symbol indicates that protein subtraction was done to 
limit error due to protein overlap. B This symbol indicates that samples were run twice. ND refers 
to no data. C This symbol represents samples that were run once. Deviations shown are based on 
the deviation of the fit obtained from VnmrJ. 
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Table A3-2: Capped Amino Acid Probes 
Protein 
Probe 
Alone BSA A-ChytA B-LgA
Leucine 0.67±0.01 0.28±0.01B 0.61±0.00AB 0.67±0.01
AB 
Valine 0.83±0.01 0.69±0.01B 0.86±0.00AB 0.86±0.00AB 
Phenylalanine 2.04±0.01 0.32±0.00B 2.07±0.01B 1.87±0.01B
Tryptophan 2.20±0.03 0.13±0.01 1.71±0.01 1.79±0.02 
Tyrosine 1.46±0.02 0.31±0.02 1.37±0.08 1.51±0.14 
All T2 values are presented in seconds. Leucine and valine represent aliphatic probes (light grey) 
and phenylalanine, tyrosine and tryptophan represent aromatic probes (dark grey). The errors for 
the T2 values are related to data acquisition and processing (same sample is evaluated multiple 
times), which shows the accuracy of determining the T2. This error does not take into account 
error associated with sample preparation. All protein:probe samples were prepared at a 1:50 ratio 
(30 µM protein : 1.5 mM probe). 3 mM concentrations for all probes were used to evaluate T2 
values in the absence of protein, except for Phe, where 1.5 mM was used. A  This symbol 
indicates that protein subtraction was done to limit error due to protein overlap. B This symbol 
indicates that samples were run twice. ND refers to no data.  
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Table A3-3: Big Tau Sets 
Probe Protein BigTau Set (s) 
Tbutyl None 
B-LgA
A-ChytA
0.1,0.2,0.4,0.6,0.8,1.2,2,3,4,6,8,12,20 
Tbutyl BSA 0.1,0.2,0.4,0.8,1.2,2,3.5,6,8 
Butanol None 
BSA 
B-LgA
A-ChytA
0.2,0.3,0.5,0.7,1.2,2,3.5,5.5,8,12 
butanol BSA 0.1,0.2,0.3,0.5,0.7,1.2,2,3,4.5,6 
propanol None 
B-LgA
A-ChytA
0.2,0.4,0.6,0.8,1.2,3,6,9,12,20 
propanol BSA 0.1,0.2,0.3,0.5,0.7,1.2,2,3,4.5,6 
phenol None 
B-LgA
A-ChytA
0.2,0.5,0.8,1.2,2,4,6,12,24 
phenol BSA 0.05,0.1,0.2,0.3,0.5,0.7,1.2,2,5 
Leu None 
B-LgA
A-ChytA
0.1,0.2,0.4,0.8,1.2,2,4,8,16 
Leu BSA 0.05,0.1,0.2,0.3,0.5,0.7,1.2,2,5 
Val None 
BSA 
B-LgA
A-ChytA
0.1,0.2,0.4,0.8,1.2,2,4,8,16 
Phe None 
B-LgA
A-ChytA
0.1,0.2,0.4,0.8,1.2,2,4,8,16 
Phe BSA 0.05,0.1,0.2,0.3,0.5,0.7,1.2,2,5 
Trp None 
B-LgA
A-ChytA
0.1,0.2,0.4,0.8,1.2,2,4,8,16 
Trp BSA 0.05,0.1,0.2,0.3,0.5,0.7,1.2,2,5 
Tyr None 
B-LgA
A-ChytA
0.1,0.2,0.4,0.8,1.2,2,4,8,16 
Tyr BSA 0.05,0.1,0.2,0.3,0.5,0.7,1.2,2,5 
Note that the minimum number of points used was nine and that the differing ratios (1:25, 
1:50, 1:100) all used the same bigtau set. The above table indicates the combination of 
protein and probe and their respective bigtau set. 
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Figure A3-1: The physical stability of A-ChytA was monitored as a function of time. UV 
chromatograms (280nm) of 5 mg/ml A-ChytA at time t=0, 24, 48 and 60 hours at room 
temperature. Samples were analyzed at 0.8 mL/min flow rate and with a 100mM pH 7 
sodium phosphate buffer with a total ionic strength of 200mM (due to addition of sodium 
sulfate) used as the mobile phase. The shift in monomer peak is error due to manual 
injection of the sample.  
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Figure A4-1: Elastic Modulus (G’) for different pH solutions of BSA measured on an 
ARG2 Rheometer with a Du Nouy ring attachment. The ionic strength of all solutions 
was 15 mM. For pH 4.0 and 5.0, measurements were made in duplicates and at pH 7.0 
measurements were taken seven times. A time sweep for each pH is one out of the total 
number of time sweeps for each pH condition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.01 
0.1 
1 
0 10 20 30 40 50 60 70 
G
' (
Pa
) 
Time (mins) 
pH 4.0 
pH 5.0 
pH 7.0 
	   148	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4-2: Elastic Modulus (G’) for different pH solutions of A-ChytA measured on 
an ARG2 Rheometer with a Du Nouy ring attachment. The ionic strength of all solutions 
was 15 mM. For pH 4.0 and 9.0, measurements were made in duplicates and pH values 
5.0 and 7.0 measurements were taken four times. A time sweep for each pH is one out of 
the total number of time sweeps for each pH condition. 
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Figure A4-3: Elastic Modulus (G’) for different pH solutions of B-lgA measured on an 
ARG2 Rheometer with a Du Nouy ring attachment. The ionic strength of all solutions 
was 15 mM. For pH 4.0 and 5.0, measurements were made in duplicates and at pH 7.0 
measurements were taken four times. A time sweep for each pH is one out of the total 
number of time sweeps for each pH condition. 
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Figure A5-1: Fluorescence intensity for MAb X as a function of increasing temperature. 
MAb Concentrations were 0.5 mg/ml in a pH 7.0 phosphate buffer (15 mM ionic 
strength). Temperature ramps were set at 1◦C/min  
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Figure A5-2: Fluorescence intensity for MAb Z as a function of increasing temperature. 
MAb Concentrations were 0.5 mg/ml in a pH 7.0 phosphate buffer (15 mM ionic 
strength). Temperature ramps were set at 1◦C/min. 
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Figure A5-3: Fluorescence intensity for MAb Y as a function of increasing temperature. 
MAb Concentrations were 0.5 mg/ml in a pH 7.0 phosphate buffer (15 mM ionic 
strength). Temperature ramps were set at 1◦C/min. 
 
 
 
 
 
 
 
 
 
 
